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CHAPTER 1 GENERAL INTRODUCTION 
Plant growth and development are significantly affected by plant response to 
environmental cues including various abiotic stresses such as cold, high salinity and 
drought, which could lead to dramatic reduction in crop yield worldwide. Plants have 
evolved sophisticated biochemical, molecular and genetic mechanisms to respond and 
survive these extremes. One of these adaptive responses is cold acclimation. It is the 
process that most temperate plant species have evolved, by which plant can increase 
freezing tolerance after a period of exposure to low, nonfreezing temperatures (Guy 
1990; Thomashow 1999; Ruelland et al. 2009). During cold acclimation, multiple 
physiological and biological changes take place, such as modifications in lipid 
composition of the plasma membrane; accumulations of anti-freezing and anti-
oxidative substances; activation of ion channels etc. (Guy 1990; Vogg et al. 1998; 
Mahajan and Tuteja 2005; Van Buskirk and Thomashow 2006). Most of these 
changes are subjected to transcriptional regulations, although some recent studies 
demonstrated that post-transcriptional, translational, and post-translational regulations 
are also involved (Viswanathan and Zhu 2002; Barrero-Gil and Salinas 2013; Catala 
et al. 2014). In Arabidopsis, the best characterized signaling pathway in cold 
acclimation is mediated by the AP2 transcription factors named C-repeat/DRE 
binding factor1 (CBF1), CBF2 and CBF3 (Gilmour et al. 2004; Medina et al. 2011). 
Larger CBF gene families with more diverse CBF genes have been described in cereal 
crop species. These include 10 CBF genes in rice (Oryza sativa L.) (Dubouzet et al. 
2003), 18 in wheat (Triticum aestivum L.) (Miller et al. 2006; Knox et al. 2008; 
Zhuang et al. 2011), and 20 in barley (Honda et al. 2003; Francia et al. 2004; Skinner 
et al. 2005). The cold-induced CBF transcription factors can activate downstream 
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cold-regulated (COR) genes, whose products play critical roles in protecting plants 
against cold stress (Thomashow 1999).  
An effective way of investigating gene or protein functions involved in cold 
acclimation and other stresses is to generate loss-of-function mutants via RNAi (RNA 
interference). RNAi is a mechanism that the presence of small double-stranded RNA 
(dsRNA) fragments interfere with the expression of target gene expression based on 
sequence homology (Denli and Hannon 2003; Waterhouse and Helliwell 2003). The 
most efficient silencing strategy in plants is to use the transgene that expresses self-
complementary hairpin RNA (hpRNA), which contains a stem region formed by an 
inverted-repeat (IR) sequence that serves as a template for generation of siRNAs, as 
well as a single-stranded loop between the two repeats (Waterhouse et al. 1998; Smith 
et al. 2000). To facilitate screening of loss-of-function mutants, high throughput 
RNAi libraries have been developed in Arabidopsis (Kerschen et al. 2004), barley 
(Douchkov et al. 2005) and maize (McGinnis et al. 2007). Genome-wide RNAi 
libraries constructed from cDNA libraries that are stress- or tissue-specific would 
enable mutagenesis and investigation of a specific gene population related to the 
targeted stress or tissue. An efficient rolling circle amplification (RCA)-mediated 
hpRNA construction system has been developed from cDNA libraries in Arabidopsis 
(Wang et al. 2008) and been optimized in rice (Wang et al. 2013).  
Brassinosteroids (BRs) are a group of steroid hormones that play critical roles 
in the regulation of plant growth, development and responses to biotic or abiotic 
stresses (Clouse 2011; Hao et al. 2013). BR-deficient mutants normally have altered 
phenotypes such as dwarfism due to defects in growth and development (Clouse et al. 
1996). In rice, exogenous application of BRs can increase leaf angles, while BR-
deficient mutant plants displayed reduced leaf angles (Sakamoto et al. 2006). 
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Exogenous application of BRs has also been reported to improve plant tolerance to 
biotic and abiotic stresses in various plant species (Divi and Krishna 2009; Peleg and 
Blumwald 2011). However, the molecular mechanisms of BR-induced plant stress 
tolerance remain unknown. In plants, the plasma membrane localized receptor kinase, 
brassinosteroid-insensitive1 (BRI1), is the receptor for BR signal (Hothorn et al. 2011; 
She et al. 2011). Bri1 mutant plants are unresponsive to exogenous application of BR 
and exhibit multiple deficiencies in growth and development (Clouse et al. 1996; 
Honda et al. 2003).  
Brachypodium distachyon has recently been established as a new monocot 
model plant ideal for functional genomics research in temperate grasses, cereals and 
biofuel crops. It has a relatively short stature and a short life cycle of 8-12 weeks. It is 
self-fertile and the diploid ecotype Bd21 has the simplest genome (272 Mbp) among 
diploid grasses (Draper et al. 2001; Vogel et al. 2010; Brkljacic et al. 2011). The cold 
acclimation pathway has not been well characterized in Brachypodium as that in 
Arabidopsis.  
Creeping bentgrass (Agrostis stolonifera L.) is a cool season perennial 
turfgrass species. It has many attractive features that have made it a widely used grass 
in lawn and golf courses. These features include the creeping growth habit, the high 
shoot density and the tolerance to low mowing (Warnke 2003). It is also a key species 
in agro-ecosystems and genetic diversity. The effect of BR-defective mutation in 
perennial grass species is as yet unknown. And using RNAi construct to generate such 
mutations is required because the genome sequence information is not available for 
creeping bentgrass. 
The objectives of our studies are to: (1) identify and characterize BdCBF 
genes that are involved in cold acclimation and analyze differentially expressed cold-
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responsive genes in cbf mutants by RNA-seq in Brachypodium distachyon, (2) 
construct a high throughput RNAi library by the Phi29-amplified RNAi construct 
(PARC) method from a creeping bentgrass cDNA library with mRNA from salt-
treated tissue and transform the RNAi library en masse into creeping bentgrass to 
create a mutant population (3) investigate the effect of disruption of BR reception by 
generating Bri1 loss-of-function mutants using the PARC method in creeping 
bentgrass. These studies will shed light on the pathways involved in cold acclimation, 
BR signaling and plant stress responses. 
 
Dissertation Organization 
 This dissertation is organized in the format consisting of a general introduction 
(Chapter 1), three journal-styled manuscripts (Chapters 2 to 4) and a general 
conclusion. The three manuscripts are formatted according to each targeted journal. 
The first manuscript “Characterization of the BdCBF gene family and genome-wide 
analyses on BdCBF3-dependent and -independent cold-responsive genes in 
Brachypodium distachyon” will be submitted for publication in Plant, Cell and 
Environment. I made major contributions including designing and performing most of 
the experiments, as well as writing the manuscript under the guidance of Dr. Shui-
zhang Fei. Dr. Jiangli Dong performed preliminary experimental work in construct 
preparation and provided conceptual advice to this work. Dr. Jinliang Yang performed 
RNA-Seq data analyses. The second manuscript “Construction of a high throughput 
salt-specific RNAi library of creeping bentgrass (Agrostis stolonifera L.)” will be 
submitted for publication in Plant Biotechnology Journal. I conducted all the 
experiments and wrote the manuscript under the guidance of Dr. Shui-zhang Fei. Dr. 
Conglie Ma and Dr. Richard Jorgensen proposed the PARC method for RNAi library 
  
5 
construction and provided technical support. Dr. Yanhai Yin provided technical 
support and conceptual advice to this work. The third manuscript “Brassinosteroid 
signaling network: implications on yield and stress tolerance” is a published review 
paper in Plant Cell Reports. I worte the manuscript under the supervision of Dr. Shui-
zhang Fei. Dr. Yanhai Yin provided critical reading and conceptual advice to the 
manuscript. 
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Abstract 
Freezing stress substantially reduces crop yields and limits plant distribution. 
The identification of genes critical for cold acclimation is of great importance. C-
repeat binding factors (CBFs) are transcription factors that play key regulatory roles 
in the acclimation process. We report here that B. distachyon can successfully cold 
acclimate and we identified a gene family consisting of eight genes in a tandem array 
likely belong to the B. distachyon CBF gene family (designated as BdCBF1-8). 
Expression analysis indicated that all the eight BdCBF genes are induced by cold. 
Freezing tolerance experiments showed that the silencing of BdCBF3 gene in RNAi 
cbf3 mutant plants results in a significant reduction in survival after an exposure to 
freezing temperatures. RNA-seq transcriptomic analysis was conducted using the wild 
type and cbf3 mutant plants under both normal and cold conditions. We identified 460, 
3213, 2839 and 1871 genes exhibiting different expression levels by pairwise 
comparisons of cbf3 vs. WT, WT vs. WT (4°C), cbf3 vs. cbf3 (4°C), and cbf3 (4°C) vs. 
WT (4°C), respectively. These differentially expressed genes were enriched in several 
biological pathways. Combined analyses of differentially expressed genes in some of 
the enriched pathways provide insights into mechanisms of plant response to cold in 
the BdCBF3-dependent, -independent or -compensation categories.  
Key words: Cold acclimation; CBF; RNA-seq; freezing tolerance; Brachypodium 
distachyon 
 
Introduction 
Low temperature is one of the environmental stresses that adversely affect 
plant growth, development, distribution and productivity. Significant crop damage 
occurs due to freeze has resulted in an estimated of up to one billion dollars annual 
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losses in the U.S. for all crops. Plants grown in temperate regions particularly need to 
undergo the transition period between warm and cold seasons when the temperatures 
change drastically. Most temperate plants such as wheat (Triticum aestivum L.), 
canola (Brassica napus L.), and Arabidopsis have evolved the ability to tolerate 
chilling and freezing temperatures after a period of exposure to low but nonfreezing 
temperatures, which is known as cold acclimation, and adaptive process (Guy 1990; 
Thomashow 1999; Ruelland et al. 2009). Without cold acclimation, winter rye (Secale 
cereale L.), for example, is killed by freezing at about -5°C, but it can survive 
freezing below -20°C after a period of cold acclimation (Lee and Thomashow 2012). 
Multiple physiological and biochemical changes are involved in the process of cold 
acclimation. These include modifications in lipid compositions like increases of 
unsaturated fatty acid content in cell membranes to maintain membrane fluidity; 
changes in protein and carbohydrate composition; accumulations of anti-freezing and 
anti-oxidative substances like sugars, proline and other chemical compounds that 
contribute to the stabilization of cell membranes; activation of ion channels (Knight 
and Knight 2012). Most of these changes are subjected to transcriptional regulations 
of a large class of cold-regulated (COR) genes, whose products play critical roles in 
protecting plants against cold stress (Thomashow 1999). Expressions of these COR 
genes are induced by cold acclimation in plants. Most of the COR genes have copies 
of a C-repeat/dehydration-responsive element (CRT/DRE) in their promoter regions, 
which contains the core motif of G/ACCGAC and is responsible for the low 
temperature-responsiveness of these genes.  
The CRT-binding factors/DRE-binding proteins 1 (CBF/DREB1) function as 
transcription factors and bind to the CRT/DRE cis-acting element, which was first 
identified in Arabidopsis (Liu et al. 1998; Jaglo et al. 2001). CBF/DREB1 genes have 
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been isolated from a wide range of plants and proved to be involved in cold 
acclimation in many species, suggesting that the CBF cold-responsive pathway 
regulating the expression of many stress-inducible genes is broadly conserved in 
plants (Jaglo et al. 2001)). CBF genes existing as a multi-gene family have been 
reported in most species that have been investigated. In Arabidopsis, three 
CBF/DREB1 genes are present in tandem on chromosome 4 in the order of 
CBF1/DREB1B, CBF3/DREB1A, and CBF2/DREB1C (Gilmour et al. 2004; Medina 
et al. 2011). It has been demonstrated that these three CBF/DREB1 genes exhibit 
different expression patterns. Overexpression of CBF1/DREB1B and CBF3/DREB1A 
in many plants such as Arabidopsis, tomato (Solanum lycopersicum), and tobacco 
(Nicotiana tabacum) can significantly improve the cold tolerance of transgenic plants, 
but this is not the case for CBF2/DREB1C (Hsieh et al. 2002; Kasuga et al. 2004). For 
example, overexpression of AtCBF2 in potato (Solanum tuberosum L.) failed to 
confer increased freezing tolerance (Pino et al. 2007). Novillo et al. (2004) reported 
that CBF2/DREB1C functions as a negative regulator of CBF1/DREB1B and 
CBF3/DREB1A expression in Arabidopsis. They also demonstrated that increased 
expression of CBF1/DREB1B and CBF3/DREB1A in the cbf2 null mutant conferred 
increased freezing tolerance, indicating that CBF1 and CBF3 play a different role than 
CBF2 in both constitutive freezing tolerance and cold acclimation (Novillo et al. 
2007).  
Homologs of Arabidopsis CBF/DREB1 genes have been identified in many 
other plant species including tobacco, wheat, rye (Secale cereale), rice (Oryza sativa), 
barley (Hordeum vulgare), maize (Zea mays), tomato, soybean (Glycine max L.), oat 
(Avena sativa), perennial ryegrass and Brachypodium distachyon (Jaglo 2001; Choi et 
al. 2002; Gao et al, 2002; Dubouzet et al. 2003; Shen et al. 2003; Qin et al. 2004; 
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Zhang et al. 2004; Brautigam et al. 2005; Li et al. 2005; Skinner et al. 2005; Xiong et 
al. 2006; Ryu et al. 2014). The CBF/DREB1 proteins belong to the AP2/ERF 
(APETALA2/ethylene-responsive element binding factor) family that has a highly 
conserved AP2/ERF domain. The AP2/ERF domain has been identified as a DNA-
binding motif of about 60 amino acids (Sakuma et al. 2002). Arabidopsis contains 
around 145 AP2/ERF proteins that can be further divided into 12 subfamilies (Nakano 
et al. 2006). A total of six Arabidopsis CBF homologs are classified into the 
CBF/DREB2/ERF subfamily, which includes 125 protein members that only have one 
AP2 domain. A common feature of CBF1, 2, and 3, and other three CBF/DREB1 
proteins (CBF4/DREB1d, DDF1, and DDF2) that distinguished them from other 
AP2/ERF proteins is the presence of a set of conserved CBF signature sequence 
motifs (PKK/RPAGRxKFxETRHP and DSAWR) directly flanking the AP2 domain 
(Jaglo et al. 2001). Not all six Arabidopsis CBF homologs are involved in the cold-
response pathway. CBF4, for example, is involved in drought stress (Haake et al. 
2002). The other two homologs, DDF1 and DDF2, are involved in the regulation of 
gibberellin biosynthesis and high-salinity stress (Magome et al. 2004). 
Overexpression of the Arabidopsis CBF/DREB1 genes in transgenic B. napus, 
tobacco or maize plants can effectively improve the freezing tolerance of the 
transgenic plants (Jaglo et al. 2001; Kasuga et al. 2004; Qin et al. 2004). It has been 
confirmed that these regulatory systems are highly conserved in monocots as well as 
in dicots (Thomashow et al. 2001; Badawi et al. 2007). 
The primary goal of this research is to isolate CBF genes in Brachypodium 
distachyon and determine their functions during cold acclimation. B. distachyon is a 
newly established monocot model plant for functional genomics research in temperate 
grasses, cereals and biofuel crops. It has many attributes that make it an excellent 
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model organism such as a relatively short stature, self-fertility, a short life cycle of 8-
12 weeks, and the diploid ecotype of B. distachyon has the simplest genome (272 
Mbp) in diploid grasses (Draper et al. 2001; Brkljacic et al. 2011). The genome of B. 
distachyon has been sequenced (Vogel et al. 2010) and an efficient transformation 
system via Agrobacterium-mediated method has been established (Vogel, 2008; 
Alves et al. 2009).  
In the present study, we demonstrated that B. distachyon has the ability cold 
acclimate. We isolated a CBF-like gene family consisting of eight homologous genes 
that are designated as BdCBF1-8, which are present in tandem on chromosome 4. 
Expression analysis indicated that all of the eight genes are induced by cold stress. 
Transgenic plants of cbf1 and cbf3 RNAi lines were generated and used for 
phenotypic evaluation and molecular analysis. We also performed Illumina RNA-seq 
study to analyze the differential expression of the cold-responsive genes between the 
wild type (WT) and cbf3 RNAi mutant plants under both normal and cold conditions 
in order to understand the mechanisms that regulate cold acclimation. This allowed us 
to identify genes and biological pathways that respond to cold stress. Our results 
demonstrated that B. distachyon has a more complex CBF cold response pathway 
compared with that of Arabidopsis. The differentially expressed genes and enriched 
gene sets we identified in our RNA-seq transcriptomic analysis will provide insights 
into the mechanisms of cold acclimation and freezing tolerance in B. distachyon.   
 
Results 
B. distachyon is capable of cold acclimation 
As a first step to studying the role of CBFs in B. distachyon, the capacity of 
cold acclimation of B. distachyon was determined. Freezing tolerance was assessed by 
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electrolyte leakage assay, which gives quantitative data to evaluate the extent of 
cellular membrane damage due to ice formation and cell dehydration under cold stress. 
B. distachyon BD-21 plants were cold acclimated at 4 °C for different periods of time 
and relative electrolyte leakage was measured at different testing temperatures. LT50, 
which is the temperature at which cell damage resulted in 50% of electrolyte leakage, 
is an important measure of cell membrance damages. The LT50 was -3.8 °C for non-
cold acclimated plants and -5.2 °C and -6.5 °C for plants with 7 and 14 days of cold 
acclimation, respectively (Fig. 1). In addition, compared to the plants without cold 
acclimation, , the relative electrolyte leakage at -4 °C was fifty percent lower in plants 
with 3 days of cold acclimation and about fivefold lower in the plants with 7 or 14 
days of cold acclimation (Fig. 1). These data suggest that B. distachyon can 
successfully cold acclimate and increase freezing tolerance after an exposure to 4 °C 
for a minimum of 3 days.  
The B. distachyon genome contains eight CBF homolog genes 
Using the Lolium perenne CBF3 (LpCBF3) gene as query sequence to BLAST 
against the B. distachyon genome, eight distinct putative CBF homologous genes that 
have >70% sequence similarities throughout the entire sequences to the query gene 
were discovered. Similar to that in Arabidopsis, these eight CBF genes are present in 
tandem on B. distachyon chromosome 4 (Fig. 2). 
To understand the evolutionary relationship of CBF homologs, phylogenetic 
analysis was conducted for the eight homologous genes from B. distachyon and other 
closely related CBF homologs from Arabidopsis, Lolium perenne and Oryza sativa. 
Protein alignments revealed high sequence identity (40%-80%) extended throughout 
full amino acid sequences with these species, and had the highest sequence identity in 
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the AP2/ERF DNA-binding domain including the CBF signature sequences flanking 
the AP2 domain in each BdCBF protein (Fig. 3).  
The neighbor-joining tree revealed that these eight genes were separately 
clustered from the Arabidopsis CBF genes, and they showed a relatively closer 
relationship with the Lolium perenne CBF proteins than that of rice and Arabidopsis 
(Fig. 4). The BdCBF proteins are more closely related to each other (with 44%-86% 
sequence identities to each other) than to other orthologous proteins. To be consistent 
with the established CBF nomenclature, we designated the CBF gene Bradi4g35650 
that has the highest homology with LpCBF3 as BdCBF3, Bradi4g35630 that has the 
highest homology with rice CBF1 as BdCBF1 and Bradi4g35620 that is present next 
to BdCBF1 as BdCBF2. We assigned consecutive numbers to other five B. distachyon 
CBF genes in order according to their location on the chromosome as BdCBF4 to 
BdCBF8.   
Eight BdCBF genes are cold responsive 
To detect the cold response of these eight individual BdCBF homologous 
genes, their expression patterns under cold stress were assessed. B. distachyon plants 
were cold treated at 4 °C for different periods of time and semi-quantitative RT-PCR 
was conducted (Fig. 5). For each BdCBF gene, the amount of mRNAs transcript was 
increased in response to the cold treatment, although they were induced at different 
time points after being exposed to the cold temperature and the expression level 
varied. Unlike the other six BdCBFs, BdCBF1 and BdCBF3 were constitutively 
expressed at a low level under normal conditions but were further induced to a higher 
expression level after cold conditions. These results indicate that all eight BdCBF 
genes are involved in the cold response pathway and display different expression 
patterns under cold stress.  
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Cold acclimation response is reduced in the cbf1 and cbf3 RNAi lines 
RNAi transgenic lines cbf1 and cbf3 were generated to establish the functions 
of BdCBF genes in cold response because they were predicted to be the most 
important BdCBF genes in B. distachyon. Homozygous transgenic lines were selected 
and the silencing effect of the RNAi constructs on BdCBF1 and BdCBF 3 transcript 
levels were evaluated by semi-quantitative RT-PCR analysis with gene specific 
primers. Five independent RNAi transgenic lines of both cbf1 and cbf3 were tested 
and all of them showed either highly reduced or undetectable levels of BdCBF1 or 
BdCBF3 transcripts. Fig. 6 shows two independent transgenic B. distachyon lines 
with reduced BdCBF mRNA accumulations compared with that in the wild type.  
In order to investigate the functions of BdCBF1 and BdCBF3 in cold 
acclimation process, freezing tolerance of cbf1 and cbf3 plants was examined before 
and after cold acclimation. For cold acclimation treatment, both wild type and RNAi 
plants were either grown under normal conditions or were cold acclimated at 4 °C for 
10 days. Cold acclimated plants were subjected to cold temperature at -5 °C for 24 h. 
After recovery, the freezing tolerance of RNAi lines was reduced dramatically 
compared to that of the wild-type plants apparently due to the loss of cold acclimation 
ability (Fig. 7a). Without cold acclimation treatment, however neither the RNAi lines 
nor the wild type plants survived the freezing stress (Fig. 7b). After cold acclimation, 
about 90% of the wild type plants survived the freezing stress, while only 7%-13% 
transgenic plants survived freezing (Fig. 7c). Taken together, these results suggest 
that cbf1 and cbf3 transgenic lines are defective in cold acclimation. BdCBF1 or 
BdCBF3 each plays a critical role in regulating cold acclimation response in B. 
distachyon. 
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Real-Time RT-PCR analysis of expression of all eight BdCBF genes in RNAi 
mutants 
To quantify transcript levels of the genes targeted for slencing as well as the 
rest of BdCBFs in the mutant plants, real-time quantitative RT-PCR was performed in 
the wild type and cbf mutant plants under both normal and cold conditions. Consistent 
with the semi-quantitative RT-PCR results shown in Fig. 5, qPCR showed that 
transcript levels of all eight BdCBF genes were significantly increased after cold 
treatment in the wild-type plants (Fig. 8), whereas in the RNAi transgenic lines their 
transcripts were hardly detected under normal conditions and were not responsive to 
cold in both the cbf1 and cbf3 RNAi mutant plants (Fig. 8).      
Comparative transcriptome analysis of cold responses for cbf3 mutants and wild 
type plants 
 To further investigate the molecular functions of BdCBF gene in cold 
acclimation, we performed transcriptome profiling using RNA-Seq approach to 
identify differentially expressed (DE) genes in the cbf3 mutant plants. Under normal 
conditions (23 °C) or 3 h of cold (4°C) conditions, leaf tissues from three biological 
replications were collected from wild type and cbf3 mutant plants for RNA isolation 
and library preparation. Barcoded RNA libraries were subjected to RNA-seq using 
Illumina single-end sequencing. After two technical runs, a total of 166 million reads 
of all libraries were obtained (Table S1). Raw reads from each sample were processed 
and mapped to the B. distachyon reference genome (Brachy1.0) (International 
Brachypodium Initiative 2010). An average of about 80% uniquely mapped reads 
were employed to obtain the read counts for each gene according to the Phytozome 
annotation (Bdistachyon_192). The transcript levels were quantified and normalized 
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by using RPKM (reads per kilobase of exon model per million mapped reads) method 
(Mortazavi et al. 2008).  
 Transcript levels of BdCBF3 gene itself were extracted from the read count 
matrix. As expected, in the wild type plants, read counts of BdCBF3 under cold 
conditions were significantly (P-value < 0.05) increased as compared to that in plants 
under normal condition. In contrast, in the cbf3 mutant plants, much less reads could 
be mapped to BdCBF3 gene under either normal or cold conditions, further 
confirming that the BdCBF3 has been suppressed in our transgenic mutant plants (Fig. 
9). Using the R (R Core Team 2013) add-on package DESeq2 (Anders and Huber 
2010), four comparative analyses were conducted to identify DE genes as follows: 
cbf3 (23 °C) vs. WT (23 °C), WT (23 °C) vs. WT (4°C), cbf3 (23 °C) vs. cbf3 (4°C), 
and cbf3 (4°C) vs. WT (4°C). Differential expression discovery was based on false 
discovery rate (FDR) (Benjamini and Hochberg 1995) of < 0.05 and fold change of > 
2.  
Under normal conditions, a total of 460 genes were DE in cbf3 mutant plants 
compared to the wild type plants (299 up-regulated and 161 down-regulated) (Table 
S2). Gene set enrichment test analysis using MapMan (Thimm et al. 2004) identified 
22 DE genes significantly enriched (FDR < 0.05) in the category of stress responsive 
pathway, where 17 were responsive biotic stress and 5 were responsive to abiotic 
stresses (Table 1). These observations together with the constitutive expression of 
BdCBF3 revealed by RT-PCR analysis show the important role that BdCBF3 gene 
play even under non-inductive conditions.  
The comparative analysis of WT (23 °C) vs. WT (4°C) identified that a total 
of 3,213 genes that were differentially expressed in response to cold treatment in the 
wild type plants (1,409 up-regulated genes and 1,804 down-regulated) (Table S3). 
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Gene set enrichement analysis revealed that these DE genes were significantly (FDR 
< 0.05) enriched in seven biological gene sets, including pentatricopeptide (PPR) 
repeat-containing protein, glutathione S transferases (GST), AP2/EREBP 
transcription factor family, ubiquitin protein degradation, calcium signaling, abiotic 
stress and transcription factor of heat-shock (HSF) family (Table 1). The Arabidopsis 
thaliana PPR repeat-containing protein family contains 450 members (Lurin et al. 
2004). In B. distachyon genome, there were 489 PPR proteins. These RNA-binding 
proteins have been identified to function in post-transcriptional processes such as 
RNA editing and splicing, RNA cleavage and translation (Schmitz-Linneweber and 
Small 2008). However, the connection of this gene family with cold response remains 
unknown. The GST protein family has been identified as stress responsive proteins 
because GST transcripts are strongly up-regulated during biotic and abiotic stress 
(Dixon et al. 2010). The molecular function of GSTs in stress response has not been 
determined. Except for these two gene sets with unknown correlations with cold 
responses, all the other five gene sets have been reported as cold stress responsive in 
plants (Miura and Furumoto 2013).  
 Differential expression analysis of cbf3 (23 °C) vs. cbf3 (4 °C) identified 
2,839 DE genes in response to cold treatment in the cbf3 mutant plants (1,335 up-
regulated and 1,504 down-regulated) (Table S4). Gene set enrichment analysis 
showed six biological gene sets that were significantly enriched among these DE 
genes (Table 1). Five of them were the same as those detected above in the WT 
(23 °C) vs. WT (4 °C) comparison. They were PPR repeat-containing protein, GST, 
ubiquitin protein degradation (especially for the E3 ubiquitin subfamily), abiotic 
stress and HSF family (Table 1). The unique gene set detected in this particular 
comparison was the receptor kinases leucine-rich repeat XI. In plants, receptor 
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kinases are normally located on the cell membrane to sense external signals. There is 
evidence showing that a leucine-rich repeat receptor kinase responded to salt stress in 
Medicago truncatula (de Lorenzo et al. 2009). In this comparison, the calcium 
signaling pathway, which was enriched in the WT (23 °C) vs. WT (4 °C) comparison, 
was not detected as significantly enriched, suggesting that the calcium signaling 
pathway was affected due to the downregulation of BdCBF3 gene. Interestingly, the 
number of DE genes belonging to AP2/EREBP transcription factor family reduced to 
19 in this comparison, compared with that of 27 DE genes in the WT (23 °C) vs. WT 
(4 °C) comparison, suggesting that some of the AP2/EREBP genes except for BdCBF 
gene themselves may also be responsive to cold.   
 The comparative analysis of cbf3 (4 °C) vs. WT (4 °C) identified 1,871 DE 
genes (1,088 up-regulated and 783 down-regulated) (Table S5). Significantly enriched 
gene sets in this comparison including the AP2/EREBP transcription factor family, 
alkaloids, stress responsive genes, and the WRKY domain transcription factor family 
(Table 1). Increased accumulation of alkaloid under abiotic stresses including drought 
and high salinity has been reported in Catharanthus roseus (Jaleel et al. 2007a; Jaleel 
et al.2007b). The WRKY transcription factors act as activators or repressors and 
interact with other proteins such as calmodulin, MAP kinases, 14-3-3 proteins to 
regulate many plant processes such as plant immune response, seed germination, 
senescence, and abiotic stress responses (Rushton et al. 2010). The identification of 
17 DE genes in the WRKY transcription factor family suggested that an alternative 
regulation pathway might be activated when the BdCBF3 function is defective.  
BdCBF3 dependent, independent, and compensatory cold responsive pathways 
 To comprehensively investigate the effect of downregulation of BdCBF3 gene 
on the changes of transcriptomic profiling, the two DE gene sets detected in the cbf3 
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(23 °C) vs. cbf3 (4 °C) and the WT (23 °C) vs. WT (4 °C) were compared. As shown 
in the Venn diagram (Fig. 10), this comparison identified 1,357 DE genes that were 
overlapped between the two sets (Table S6). Because these overlapped genes 
responded to cold stress with both normal or suppressed expression of BdCBF3, they 
were classified as BdCBF3 independent cold-responsive genes. The 1,482 genes that 
differentially expressed in the cbf3 (23 °C) vs. cbf3 (4 °C) were predicted to be 
compensatory for the CBF cold response pathway because they only expressed when 
the expression of BdCBF3 was significantly reduced (Table S7). In addition, the 
1,856 genes differentially expressed only in the wild type plants under cold stress 
[WT (23 °C) vs. WT (4 °C) comparison] but not in the mutant plants under cold stress 
[cbf3 (23°C) vs. cbf3 (4 °C) comparison] were classified as BdCBF3 dependent cold-
responsive genes (Table S8). 
 DE genes belonging to the PPR family were significantly enriched in all three 
categories, i.e. BdCBF3-dependent, BdCBF3-independent and BdCBF3-compenstory. 
However, the relationship of this large gene family with cold acclimation has not been 
established yet. Except for this PPR gene family, the potential role of other enriched 
gene sets or biological pathways have been explored in response to cold. In the 
BdCBF3 independent cold-responsive category, DE genes encoding glutathione S 
transferases or related to ubiquitin protein degradation were significantly enriched. In 
the BdCBF3 compensatory category, DE genes in the ubiquitin protein degradation 
and abiotic stress pathways were significantly enriched. The downregulation of 
BdCBF3 may alter gene expression in these pathways under cold stress. In the 
BdCBF3 dependent cold-responsive gene category, the calcium signaling and 
AP2/EREBP transcription factor family were detected as significantly enriched. The 
observation of DE genes enriched in AP2/EREBP was consistent with our 
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observations when comparing cbf3 (4 °C) vs. WT (4 °C). As is discussed above, 
multiple CBF genes may work synergistically in response to cold stress. The 
enrichment of DE genes in calcium signaling suggested that CBF pathway in B. 
distachyon might exploit a feedback mechanism through the calcium-signaling 
pathway in response to cold when BdCBFs and its regulons are turned off. In addition, 
32 DE genes involved in plant development regulations were also significantly 
enriched in the BdCBF3 dependent category. These results are expected because 
plants adopted a wide range of physiological and biochemical changes to resist the 
environmental stresses. 
Differentially expressed genes in cold-responsive pathways 
 Cold, as an environmental stimulus, induces a series of extracellular and 
intracellular responses in plants. Plant membrane perceives the stress signal through 
signal receptors and transduces the signal by second messengers to regulate the 
expression of stress responsive genes. Calcium sensors and calcium-dependent 
protein kinases are among these messengers that play key roles in transductions of 
cold signaling and in regulating expression of cold regulated genes (Miura and 
Furumoto 2013). As expected, DE genes were enriched in the calcium signaling gene 
set in BdCBF3 dependent cold responsive gene category. After examining all 60 DE 
genes putatively involved in the calcium signaling, four gene expression patterns were 
observed by clustering the average of gene expression values (Fig. 11). Under normal 
conditions, cbf3 mutant and wild type plants exhibited very similar levels of 
expression for most of the genes. However, different expression patterns emerged 
following cold treatment. In cluster a and c, a group of calcium-binding family 
proteins, calmodulin-binding family proteins or other calcium-related proteins were 
strongly accumulated in the wild type plants under cold conditions. In the cbf3 mutant 
  
25 
plants under cold, however, genes in these two clusters were either not induced 
(cluster a) or were even down regulated (cluster c). Instead, alternative calcium 
signaling gene sets were activated such as the autoinhibited Ca2+-ATPase or the 
calcium-binding proteins with EF hand motif (cluster b) in respond to cold in the cbf3 
mutants.  
 In this study, a large number of ubiquitin genes (n=266) were differentially 
expressed. And these DE genes were significantly enriched in ubiquitin gene set 
(n=1,250) under cold conditions but not under normal conditions (Fig. 12). 
Ubiquitination and degradation of ICE1 (inducer of CBF expression 1), which is an 
upstream transcription factor regulating CBF transcription under cold conditions 
(Chinnusamy et al. 2003), by HOS1 (a RING E3 ligase) was reported as a negative 
regulatory process in abiotic stress responses (Dong et al. 2006).  As shown in Fig. 
12b and 12c, DE genes were particularly enriched in the ubiquitin RING E3 and the 
F-BOX subfamily. Specifically, more up-regulated DE genes (80%) were detected in 
the F-BOX subfamily in the comparison of cbf3 (23 °C) vs. cbf3 (4 °C), compared 
with that (60%) in the comparison of WT (23 °C) vs. WT (4 °C). On the contrary, less 
DE genes (50%) in the RING subfamily were up-regulated in the comparison of cbf3 
(23 °C) vs. cbf3 (4 °C) compared with that (60%) in the comparison of WT (23 °C) vs. 
WT (4 °C). And this pattern was also observed by the comparative analysis of cbf3 (4 
°C) vs. WT (4 °C) (Fig.12d).  
Upon signal transduction through the calcium-dependent protein kinases, a 
group of transcription factors was reported to respond to various stress conditions, For 
example, CBF/DREB responded to cold (Miura and Furumoto 2013), MYB and bZIP 
responded to drought (Abe et al. 2003), and SOS1 responded to salt (Zhu 2003). 
Because all these environmental stresses impose a similar osmotic stress on plants, 
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stress response regulon may also be conserved among these stresses. In the present 
study, AP2/EREBP, WRKY, HSF were detected as significantly enriched after cold 
stress. DE genes of these transcription factor families as well as of bZIP and MYB 
families were examined. As described above, WRKY transcription factors act as 
activators or repressors in regulating many plant processes (Rushton et al. 2010). 
Among the 83 WRKY family transcription factors and WRKY DNA-binding proteins, 
35% (29/83) of them exhibited differential expressions. Under normal conditions, 
expression levels of these DE genes were similar, indicating that the differential 
expressions were not caused by the downregulation of BdCBF3 (Fig. 13). These 27 
DE were grouped into three clusters, 7 of them were showing relative high expression 
in the cbf3 and WT samples under normal conditions but relative low expression in 
the cbf3 (4°C) and WT (4°C) samples (cluster a). 3 DE genes (cluster b, Fig. 13) were 
only induced by cold in the cbf3 mutant plants, while 19 DE genes (cluster c, Fig. 13) 
were only induced by cold in the wild type plants. These results indicated that at least 
two sets of the WRKY genes act differently upon cold stress with or without the 
normal function of BdCBF3. The heat shock transcription factor (HSF) family was 
primarily classified as key regulators for heat stress. However, systematic study using 
anatomical meta-profilling data has demonstrated that some HSF subfamilies were 
also associated with cold, salt and drought stress in rice (Hu et al. 2009). Our analysis 
identified 10 DE genes in the HSF family (Fig. 14).  For the bZIP and MYB 
transcription factor families, pathway enrichment analysis and examination of 
expression patterns of the DE genes could not identify any gene of interest. 
Stress responsive genes 
 All DE genes responsive to the abiotic stresses including heat, cold, drought, 
salt and touch/wounding were examined (Fig. 15). Among these DE genes, 40 of 
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them were strongly accumulated after cold stress in the cbf3 mutants (Fig. 15, cluster 
b). And 15 of them were significantly accumulated after cold stress in the wild type 
plants but not in the cbf3 mutants (Fig. 15, cluster c). Because genome annotation for 
B. distachyon is in its early version, many COR genes are either not identified or 
might have been classified as genes with unknown function. In order to map most 
reported cold-responsive genes to the B. distachyon genome, we manually aligned the 
ICE1 and COR genes in Arabidopsis from TAIR database to the B. distachyon protein 
database. A total of 21 genes were found and 2 of them showed differential 
expression patterns. These two genes, Bradi1g07440 and Bradi1g72390, are the 
homolog of COR413 and COR27 in Arabidopsis, respectively. Further investigation is 
necessary to determine functions of these genes in response to cold stress. 
 
Discussion 
In this study, we establish that B. distachyon has the ability to cold acclimate 
and significantly increases freezing tolerance by an exposure to low temperatures. 
Our electrolyte leakage assay demonstrate that the half lethal temperature (LT50) 
decreased about 2.7 °C for B. distachyon plants after 14 days of cold acclimation (Fig. 
1). This increase is modest but has adaptive value for plants to survive under sudden 
cold stress in late fall or early winter.  
We observe that eight distinct BdCBF homologous genes display high 
sequence identity to the LpCBF3 gene and they are present in a tandem array on B. 
distachyon chromosome 4 (Fig. 2). The existence of this CBF gene family with 
multiple members in B. distachyon is consistent with previous studies that monocot 
plants have a large and complex CBF gene family, especially in cereal species. Barley 
and wheat, for example, have a CBF family containing at least 20 genes (Skinner et al. 
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2005; Badawi et al. 2007). Recent studies also reported large CBF gene family in 
legume species including Medicago truncatula and Eucalyptus grandis (Azar et al. 
2011; Tayeh et al. 2013). Tandem gene duplications of CBFs have been described in 
both monocot and dicot species including Arabidopsis (Medina et al. 1999), tomato 
(Zhang et al. 2004), ryegrass (Xiong and Fei 2006) and legume (Tayeh et al. 2013). 
This tandem duplication suggests that CBF experienced consistent tandem duplication 
events in various species. Considering the high sequence similarity among most 
tandem BdCBF genes on the same chromosome, it is possible that tandemly 
duplicated BdCBF genes might have experienced recent duplications or ancient 
duplications followed by convergent evolution via frequent sequence recombination 
among those genes. The accumulated sequence mutations could have been fixed or 
homogenized across those duplicated genes, which distinguish them from the BdCBF 
gene copies dispersed in other genomic regions. 
Li et al. (2012) and Ryu et al. (2014) have reported 14-15 putative BdCBF 
homologs in B. distachyon by BLAST searches and phylogenetic analyses using 
barley and Arabidopsis CBF genes as queries, respectively. In this study, we use the 
CBF3 gene from perennial ryegrass (Lolium perenne), which shares a closer 
phylogenetic relationship with B. distachyon as both belong to the Pooideae 
subfamily of the Poaceae family (Catalan and Olmstead 2000), as the query sequence.  
The difference in the number of BdCBF genes between previous reports and this 
study might have resulted from the different homology thresholds adopted in different 
studies. Ryu et al. (2014) identified 19 potential CBF homologs that have sequence 
similarities > 50% throughout the full amino acid sequences of Arabidopsis CBF1-3 
genes. However, we identified homologous hits with > 70% sequence homology 
throughout the LpCBP3 protein sequence. 
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The AP2/ERF signature domain is essential for the binding of the CBF 
transcription factor to the DRE/CRT elements on the CBF cognate DNAs (Canella et 
al. 2010). The high sequence identity displayed in our protein alignments and 
phylogenetic analysis among the eight B. distachyon BdCBFs, Arabidopsis, ryegrass 
and rice CBF homologs reveal the conservation of AP2/ERF domain as well as the 
CBF signature sequences (Fig. 3). As illustrated in the phylogenetic tree in Fig. 4, the 
cold responsive BdCBF gene Bradi4g35650 shows a high degree of sequence 
homology with LpCBF3 and OsCBF3 genes, which implies this gene shares 
acommon ancestor with the CBF3 gene of Lolium perenne, Oryza sativa and B. 
distachyon. The sequence Bradi4g35630 was designated as BdCBF1 also has a high 
degree of sequence homology with LpCBF1. These two gene described here 
(Bradi4g35650 and Bradi4g35630) display a lower level of sequence homology with 
the other clade of CBF genes (Bradi4g35570-Bradi4g35620), suggesting possible 
escape of homogenization of convergent evolution or an override of gene mutation 
rate against the homogenization rate. 
All eight BdCBF genes in our study are induced after being exposed to cold 
stress (Fig. 5). These observations are consistent with previous studies (Li et al. 2012; 
Ryu et al. 2014). The low level of constitutive expression of BdCBF1 and BdCBF3 
under normal non-inductive conditions might indicate the adaptive value of CBF 
genes in nature protecting plants against sudden cold stress. Novillo et al. (2007) have 
suggested that constitutive expression of CBFs could allow plants to overcome 
sudden encounter of unexpected freezing temperatures.  
Many CBF homologous genes have been identified, and transgenic plants 
overexpressing or underexpressing CBF genes have been generated in both monocots 
and dicots species. And all these studies demonstrated the conservation of the 
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function of the CBFs in cold response (Miura and Furumoto 2013). To determine the 
function for key BdCBFs, we generated cbf RNAi transgenic plants in B. distachyon. 
The decreased BdCBF mRNA accumulations and reduced cold acclimation ability in 
the cbf1 and cbf3 mutant plants (Fig. 6 and 7) demonstrated the efficient silencing 
effect in transgenic lines. qPCR results also confirmed the efficient suppression of 
BdCBF1 or BdCBF3 gene in the cbf1 or cbf3 transgenic plants, respectively. 
Surprisingly, transcripts of all eight BdCBF genes were hardly detected under either 
normal conditions or cold conditions (4 °C) in both the cbf1 and cbf3 RNAi mutant 
plants (Fig. 8). The off-target effect is unlikely considering the low sequence 
homology between the BdCBF fragments contained in the silencing construct and 
other non-target BdCBF genes. As important developmental regulators, it is possible 
that BdCBF transcription factors employ the auto- and cross-regulation mechanism to 
maintain the homeostasis of the BdCBF proteins and also ensure that their expression 
levels are tightly controlled even under non-inductive conditions. Another possibility 
would be that heterodimerization of BdCBF1 and BdCBF3 results in a cooperative 
activation of downstream regulon that include other BdCBF genes.  
Transcriptome profiling using next generation sequencing technologies enable 
genome-wide quantification of gene expression (Wang et al. 2009). In our study, the 
RNA-seq results demonstrated that silencing of BdCBF3 resulted in differential 
expression of genes downstream of BdCBF3 in the cbf3 mutant plants even under 
normal conditions. Zarka et al. (2003) proposed that plant might maintain a 
temperature monitoring system, in which plants do not respond to cold shock, but 
monitor the absolute temperature changes instead.  
Until now, it is not clear which plant sensors directly perceive low temperature 
signals. Increased levels of the secondary messenger Ca2+ in cytoplasm in response to 
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cold shock has been observed (Knight et al. 1991). The present study observed 60 DE 
genes under cold stress in calcium signaling pathway, suggesting that Ca2+ is likely 
involved in cold signal perception. The Ca2+ signal is able to transduce from plasma 
membrane into the nucleus (Miura and Furumoto 2013). The Ca2+ signal is captured 
by Ca2+ sensors such as calmodulin (CaM), CMLs (CaM-like) or Ca2+-dependent 
protein kinases (CDPKs), and CDPKs and CaM3 have been identified as positive 
regulators (Saijo et al. 2000) and negative regulators (Townley and Knight 2002), 
respectively, of gene expression and plant cold tolerance.  
Our results reveal that DE genes are enriched in the WRKY transcription 
factor family. WRKY transcription factors were demonstrated to interact with MAPK 
(mitogen-activated protein kinases), CDPK (calcium-dependent protein kinases) or 
calmodulin for biotic and abiotic stress response (Rushton et al. 2010; Chen et al. 
2012). For example, overexpression of WRKY11 in rice results in enhanced plant 
tolerance to heat and drought (Wu et al. 2009). Overexpression of AtWRKY25 or 
AtWRKY33 improves salt tolerance in Arabidopsis (Jiang et al. 2009). In barley, the 
expression of HvWRKY38 is involved in cold and drought stress response (Mare et al. 
2004). Overexpression of the soybean GmWRKY21 in Arabidopsis plants confers 
improved cold tolerance (Zhou et al. 2008). However, the connection of the roles of 
cold response of WRKY and the CBF cold response pathway remains unknown. 
It has been reported that MYC-type transcription factor ICE1 is negatively 
regulated by ubiquitin, which leads to proteasome-dependent degradation of ICE1 
(Dong et al. 2006). The large number of DE genes enriched in the ubiquitin gene 
family, especially the different patterns of up- and down-regulation of the RING and 
F-BOX subfamilies (Fig. 12), indicated that the ubiquitination process itself might 
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undergo elaborate regulations. However, due to the limited quantity of genome 
annotations for B. distachyon, we could not identify any ICE1 homologous gene.  
Our genome-wide trasncriptome profiling data provide us new insights into 
the molecular mechanisms of cold response in B. distachyon. The large number of 
both BdCBF3-independent, -independent and compensatory genes identified in our 
analyses also provide important information for future studies on cold response in 
crop species. Further studies on the characterization of BdCBF genes and the 
investigation of CBF cold response pathway in B. distachyon will provide us more 
insights into allelic and gene expression variation of this gene family among 
brachypodium accessions with different freezing tolerances. 
 
Materials and Methods 
Plant materials, growth conditions and cold treatments 
B. distachyon diploid inbred line BD21was used throughout the study. Plants 
were grown in a commercial soil mix (Sunshine soil mix #1, Sun Gro) of peat moss 
and perlite and maintained at 23 °C in the greenhouse with a 16/8h (day/night) 
photoperiod with a light intensity of approximately 400 µmol m-2 s-1. For cold 
treatment, four-week-old plants were removed from the greenhouse and placed into a 
growth chamber at 4 °C with 16/8h (day/night) photoperiod with 100 µmol m-2 s-1 
light intensity.  
Electrolyte leakage assay 
The capacity of B. distachyon plants to tolerate freezing was determined by 
changes in electrical conductivity (EC). Three-week-old plants were either maintained 
in a growth chamber at 23 °C as the non-cold treatment control or cold-acclimated at 
4 °C for 3, 7, or 14 d. Four leaves of similar size from each of the three independent 
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plants were taken and placed in a 15 mL test tube containing 100 µl of double-
distilled water (ddH2O). All tubes were submerged in a -1.5 °C glycol-containing 
water bath for 2 hours to equilibrate. After which, a small piece of ice chip was added 
into each tube to initiate freezing and all tubes were equilibrated at -1.5 °C for 2 hours. 
The temperature of the bath was then programed to decrease to -10 °C at a rate of 
2 °C per hour. The tubes were taken out at 4, -2, -4, -6, -8, -10 °C, and immediately 
placed on ice to thaw slowly overnight in a Coleman Poly-Lite cooler. On the next 
day after thawing, 20 mL ddH2O was added to each tube, followed by three times of 
vacuum infiltration with 3 min for each at 10 kPa. The tubes were then shaken for 1 h 
at 250 rpm on a slanted placed shaker (Innova 2300 series). Electrical conductivity 
was measured for each solution with a conductivity meter (PH/CON510 series, 
Oaklon, Singapore). The measured values were recorded as the first reading EC1. 
Total conductivity for each sample was determined after autoclaving all tubes at 
121 °C for 20 min. The measured EC values were recorded as the second reading EC2. 
The percentage of electrolyte leakage was calculated as the ratio of the initial EC1 to 
the total EC2 (EC1/ EC2) and was used to evaluate the plants’ ability of acclimation to 
cold.  
Identification of B. distachyon CBF/DREB homologs, sequence alignment and 
phylogenetic analysis 
BLAST search for CBF/DREB homologs in B. distachyon was conducted 
against the B. distachyon database collection (http://www.brachypodium.org) using 
CBF3 gene of Lolium perenne as a query (LpCBF3, accession numbers, AY960831). 
Multiple sequence alignments were generated from amino acid sequences of 8 
BdCBFs, 3 LpCBFs, 4 AtCBFs and 2 OsCBFs using ClustalW at the EBI ClustalW 
server (http://www.ebi.ac.uk/Tools/msa/clustalw2/). The alignment results were 
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visualized using the BioEdit Sequence Alignment Editor software (version 7.1.3.0). 
Phylogenetic tree was constructed by the MEGA software using the neighbor-joining 
method with 100 bootstrap re-sampling.  
TOPO cloning, RNAi vector construction and B. distachyon transformation 
Total RNA was extracted from leaves of three-week-old B. distachyon that 
were cold treated at 4 °C for 3 h using TRIzol reagent (Invitrogen) and was treated by 
DNAase I (Invitrogen) according to the manufacturer’s protocol. One microgram of 
total RNA was used for first strand cDNA synthesis (Invitrogen), which was then 
used as the template of PCR amplification of the gene fragment that was inserted into 
the cloning vector. All PCR products before and after cloning into vector were gel 
purified and sequenced at the DNA facility at Iowa State University. 
To generate RNAi constructs, fragments of 304- and 264- bp long of the 
BdCBF1 and BdCBF 3 transcripts, respectively, covering a segment of the coding 
sequence and a portion of the 3’-untranslated region (3’-UTR) was generated by PCR. 
The resulting PCR fragments of the BdCBF genes were cloned into the Gateway 
pENTR™/D-TOPO® cloning vector, and then mobilized into the pANDA vector 
(Miki and Shimamoto 2004) by recombinase reactions. In this recombination reaction, 
two inverted repeats of each BdCBF gene were inserted into two separate regions with 
a gus linker sequence flanked by the two inverted repeats. The inverted repeats will 
form a hairpin structure when introduced into a plant genome and are capable of 
triggering silencing. All RNAi constructs were verified by enzyme digestion and 
sequencing and were then introduced into Agrobacterium tumefaciens strain C58C1 
using the electroporation method. 
For the B. distachyon transformation of RNAi lines, embryogenic calli 
initiated from immature embryos of BD21 were transformed using the 
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Agrobacterium-mediated transformation method. A hygromycin resistant marker gene 
carried in the pANDA vector was used as the selectable marker for both RNAi 
constructs. Putative transgenic shoots were then rooted and grown in soil.   
Semi-quantitative RT-PCR and real-time quantitative RT-PCR analysis for gene 
transcript levels  
Total RNA was extracted from leaves of B. distachyon wild type and 
transgenic plants under normal conditions or cold conditions using the RNeasy Plant 
Mini Kit (Qiagen) and was treated by DNAase I (Invitrogen) according to the 
manufacturer’s protocol. Reverse transcription was performed with 5 µg of total RNA 
per 50 µl reaction using the SuperScript ® III First-strand Synthesis System for RT-
PCR kit (Invitrogen). 
Semi-quantitative RT-PCR was carried out with the SuperScript III One-Step 
RT-PCR System with PlatinumTaq (Invirtrogen) using 200ng of total RNA as the 
template and specific primers for different genes. The PCR conditions were 15 s of 
denaturation at 94 °C, 30 s of primer annealing at 58 °C and 1 min primer extension at 
68 °C for 30 cycles, or for 25 cycles for the internal control of B. distachyon 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene. Primers used for RT-
PCR are listed in Table 2. 
Real-time quantitative RT-PCR was performed with 1 µl of first-strand cDNA 
template in a 15 µl reaction on an Eco Real-Time PCR System (Illumina) using the 
SYBR ® GreenER™ qPCR SuperMix kit (Invitrogen) according to the 
manufacturer's instructions. All reactions were performed under the following PCR 
thermal cycling conditions: denaturation at 95 °C for 10 min, followed by 40 cycles 
of 95 °C for 15 s and 56 °C for 60 s. Melting curve was 95 °C for 15 s, 55 °C for 15 s, 
and 95 °C for 15 s. Three technical replicates were conducted and repeated twice for 
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biological replication. Data analysis was performed using the Eco Software v4.0 
(Illumina) and the average number of threshold cycle (Ct) was used to calculate 
relative fold change by calculating Log base 2 values. The B. distachyon 
GAPDH gene was used as control for relative quantitation. Primers used for real-time 
PCR are listed in Table 2. 
Cold treatment and RNA preparation for Illumina sequencing  
RNA-seq analysis was carried out using the cbf3 transgenic lines and wild 
type plants. Total RNA was isolated using the RNeasy Plant Mini Kit (Qiagen). The 
quantity and quality of RNA were checked using the Agilent 2100 Bioanalyzer RNA 
6000 Nano kit (Agilent) to ensure all RNA samples have an RNA integrity number 
(RIN) of 8 or higher. Four µg of RNA samples were then sent to DNA Facility at 
Iowa State University for library preparation and Illumina sequencing using HiSeq 
2500 (Illumina). A total of 12 libraries corresponding to three biological replications 
from the untreated and cold treated wild type and RNAi mutant plants (wild type, 
RNAi, wild type-cold, RNAi-cold) were generated. Sequencing reaction was 
performed to obtain single-end (SE) reading with a length of 100 bp. Two technical 
replications were used for each of the three biological replications.  
RNA-seq data processing and differential expression analysis 
Raw sequences in FASTQ format were scanned for quality scores and low 
quality nucleotides were trimmed off. The trimmed reads were then aligned to the 
Brachypodium distachyon reference genome (Brachy1.0) using GSNAP alignment 
tool (Wu and Nacu 2010) with default settings. The uniquely mapped reads output 
from GSNAP were converted to bam files using SAMtools (Li et al. 2009). Gene 
annotation (Bdistachyon_192) from Phytozome was extracted as the genomic features 
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for read count estimation. R add-on packages including ‘GenomicFeatures’, ‘IRanges’ 
and ‘Rsamtools’ were used to generate the count matrix. 
With the raw gene count matrix, DESeq2 (Love 2014) was employed to 
conduct the differential gene expression analysis. Because two technical replications 
and three biological replications were used for each treatment, the two replications 
were fitted in the model as covariates. Throughout the experiments, FDR method 
(Benjamini and Hochberg 1995) was used to correct the multiple hypothesis test 
problem.   
Gene set enrichment analysis using MapMan  
Using the plant-specific visualization tool of MapMan (Thimm et al. 2004), 
gene set enrichment analysis was conducted to find significantly differentially 
expressed genes. The mapping file used in this analysis was based on Phytozome 
annotation v9.0 (Bdistachyon_192) and was downloaded from MapMan Store 
(http://mapman.gabipd.org). The same FDR method was used to correct the multiple 
hypothesis test problem in these pathway enrichment tests.  
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Tables 
Table 1 Enriched gene sets in differentially expressed genes. 
DE analysis Enriched Pathway 
No. of DE 
genes 
q-value 
cbf3 vs. WT Stress response 22 5.20E-05 
cbf3 vs. cbf3 (4°C) 
Pentatricopeptide (PPR) repeat-containing 
protein 
81 8.25E-11 
Glutathione S transferases 24 4.59E-04 
E3 ubiquitin protein degradation 115 4.43E-05 
Stress abiotic 58 5.39E-03 
Regulation of transcription HSF (heat-
shock transcription factor family) 
9 1.80E-02 
Receptor kinases leucine rich repeat XI 34 3.92E-02 
WT vs. WT (4°C) 
Pentatricopeptide (PPR) repeat-containing 
protein 
103 < 1e-20 
Glutathione S transferases 27 2.14E-04 
AP2/EREBP transcription factor 27 1.12E-03 
Ubiquitin protein degradation 153 9.81E-03 
Calcium signaling 45 8.86E-03 
Stress abiotic touch/wounding 6 8.70E-03 
Regulation of transcription HSF (heat-
shock transcription factor family) 
9 1.28E-02 
cbf3 (4°C) vs. WT(4°C) 
AP2/EREBP transcription factor 18 3.20E-02 
Stress 75 3.94E-02 
WRKY domain transcription factor family 17 4.85E-02 
BdCBF3-independent 
Pentatricopeptide (PPR) repeat-containing 
protein 
29 4.19E-04 
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Glutathione S transferases 20 4.50E-03 
Ubiquitin E3  protein degradation 53 3.89E-02 
BdCBF3-compensatory 
Pentatricopeptide (PPR) repeat-containing 
protein 
52 1.08E-04 
Stress abiotic 31 4.63E-03 
Ubiquitin E3 SCF F-BOX  protein 
degradation 
26 9.05E-03 
BdCBF3-dependent 
Pentatricopeptide (PPR) repeat-containing 
protein 
74 1.16E-11 
Development 38 9.29-3 
Calcium signaling 25 1.42E-03 
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Table 2. List of primer sequences used in this study. F: Forward primer. R: reverse 
primer. 
Gene Primers sequences Use 
Bradi4g35630 F: 5'-CGTCCTCCCTCACTGACAAT-3' 
F: 5'-GACCGTACAGTGCCGAATTT-3' 
Cloning 
Bradi4g35650 F: 5'-GTTCAGCAGGCTTGACTTGT-3' 
F: 5'-GTGCGTCGAAATTTCATCAT-3' 
Cloning 
Bradi4g35570 F: 5'-GTCCCCGTGGTTGAGGATA-3' 
R: 5'-AGCTCCTCCATGGCTGTAGT-3' 
RT-PCR 
Bradi4g35580 F: 5'-GTGCTCCCCAACGATTTTTC-3' 
R: 5'-CGTCAGCTCCTCCATCGTAG-3' 
RT-PCR 
Bradi4g35590 F: 5'-CGTTCAAGTCGTCAATGAGC-3' 
R: 5'-CGTTTCGGTAACTCCAGAGG-3' 
RT-PCR 
Bradi4g35600 F: 5'-GCAGACCTCGACGACATCC-3' 
R: 5'-TCGCCATATTCTCCGATTTC-3' 
RT-PCR 
Bradi4g35610 F: 5'-CACGCTAGCCTTGACAACAT-3' 
R: 5'-AGTCTCCACTTTCCCAGCAC-3' 
RT-PCR 
Bradi4g35620 F: 5'-CTGCCGTCGCTGACTACC-3' 
R: 5'-GTAGTCTCCGCTTTCCCAAC-3' 
RT-PCR 
Bradi4g35630 F: 5'-AGGCCACGTCAAGAGTGTCT-3' 
R: 5'-ACATCAGCTCCTCCCTCAAC-3' 
RT-PCR 
Bradi4g35650 F: 5'-TCCTACCGCAGCCTCGAC-3' 
R: 5'-GGTAGCTCCAGAGTGGCACAT-3' 
RT-PCR 
GAPDH F: 5'-ATGGGCAAGATTAAGATCGGAATCAACGG-3' 
R: 5'-AGTGGTGCAGCTAGCATTTGAGACAAT-3' 
RT-PCR 
Hpt F: 5'-GAATTCAGCGAGAGCCTG-3' 
R: 5'-ACATTGTTGGAGCCGAAA-3' 
PCR 
GUS F: 5'-CATGAAGATGCGGACTTACG-3' PCR 
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R: 5'-ATCCACGCCGTATTCGG-3' 
Bradi4g35570 F: 5'-AAATTTTGACGTTCCGGTTG-3' 
R: 5'-GTACACGCCCAAGTCCATTT-3' 
qPCR 
Bradi4g35580 F: 5'-GTCGTCGTTCCAACCTTCTG-3' 
R: 5'-CTACCCACAACAACCGGAAC-3' 
qPCR 
Bradi4g35590 F: 5'-CACCGTTCAAGTCGTCAATG-3' 
R: 5'-GGCTCTCCAAACATTCCAGT-3' 
qPCR 
Bradi4g35600 F: 5'-GGACCTGGGCATGTACTACG-3' 
R: 5'-TCGCCATATTCTCCGATTTC-3' 
qPCR 
Bradi4g35610 F: 5'-CTAGTGCCGCTGGAATGTTT-3' 
R: 5'-GTACATGCCCAGGTCCATTT-3' 
qPCR 
Bradi4g35620 F: 5'-CCAACAACGGAACATCTGAA-3' 
R: 5'-AGTACATGCCCAGGTCCATT-3' 
qPCR 
Bradi4g35630 F: 5'-GCCACGTCAAGAGTGTCTGA-3' 
R: 5'-TGAACATGTCGCTGTCCATT-3' 
qPCR 
Bradi4g35650 F: 5'-GATTACGGCGAGGTTTGC-3' 
R: 5'-TCACAACTGAAAGCGGTGAC-3' 
qPCR 
GAPDH F: 5'-GATCTGGTGTCCACCGACTT-3' 
R: 5'-GCTGTAACCCCACTCGTTGT-3' 
qPCR 
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Figure Legends 
Fig. 1. Cold acclimation ability of B. distachyon was tested by electrolyte leakage 
assay. Three-week-old B. distachyon plants were either maintained in a growth 
chamber at 23 °C as the non-cold acclimation control or exposed to 4 °C for 3, 7, or 
14 days. The electrolyte leakage was measured at 4, -2, -4, -6, -8, and -10 °C. Data are 
means from three independent experiments. Error bars indicate standard deviations. 
 
Fig. 2. Eight BdCBF homologs are present in a tandem array on chromosome 4. 
BLAST search was conducted against the B. distachyon database using CBF3 gene of 
Lolium perenne as a query. 
 
Fig. 3. Amino acid sequences alignment of CBF proteins. The amino acid 
sequences shown are for: Lp, Lolium perenne; 4g35570.1-4g35650, B. distachyon; Os, 
Oryza sativa; and At, Arabidopsis. The AP2/ERF domain is indicated by an underline 
and the signature sequences PKK/RPAGRxKFxETRHP and DSAWR are indicated 
by black asterisks (*). Alignment results are for alignment scale from position 40 to 
163 only.  
 
Fig. 4. Phylogenetic analysis among Arabidopsis, B. distachyon, and Lolium 
perenne CBF genes. The phylogenetic tree was derived from an alignment of CBF 
proteins from Arabidopsis, B. distachyon, and Lolium perenne. The neighbor-joining 
tree was obtained based on the alignment results. Numbers at the nodes are bootstrap 
values that are percentages of the tree obtained from 100 re-samplings of the data. 
 
Fig. 5. Expression of the eight individual BdCBF genes under cold conditions. 
Three-week-old B. distachyon plants were cold treated at 4 °C for different lengths 
and semi-quantitative RT-PCR was conducted. RNA was isolated from B. distachyon 
leaves and individual BdCBF 1-8 transcript levels were analyzed using gene specific 
primers. Same amounts of RNA were present in each sample. BdGAPDH was used as 
an equal loading control. 
 
Fig. 6. Silencing effect of RNAi transgenic lines on BdCBF1 and BdCBF3 
expression. RNA was isolated from leaves of wild-type B. distachyon and CBF 
transgenic plants under normal growth conditions. Transcript levels of endogenous 
BdCBF1 and BdCBF3 genes were evaluated by semi-quantitative RT-PCR using gene 
specific primers. Same amounts of RNA were present in each sample. BdGAPDH was 
used as an equal loading control. 
 
Fig. 7. Freezing tolerance of cbf1 and cbf3 RNAi plants compared with that in 
the wild-type plants. (a) Freezing tolerance assays with cold acclimation. Four-
week-old cbf1, cbf3 and the wild-type plants were transferred to 4 °C for 10 days for 
cold acclimation and followed by -5 °C freezing treatment for 24 hours. After 7 days 
of recovery under normal conditions in the greenhouse, plants that survived were 
counted. Results presented here are mean values from three independent experiments. 
Error bars indicate standard deviations. (b) Phenotypic appearance of cbf1 and cbf3 
transgenic lines and the wild-type plants after cold acclimation and freezing test. (c) 
Phenotypic appearance of cbf1 and cbf3 transgenic lines and the wild-type plants 
subjected to freezing test without cold acclimation.      
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Fig. 8. Relative expression levels of eight BdCBF genes in the wild type and RNAi 
transgenic plants grown under normal (23°C) or cold (4°C) conditions. Transcript 
levels were determined by real-time quantitative RT-PCR. The B. distachyon 
GAPDH gene was used as control for relative quantitation and relative fold change 
was calculated as Log base 2 values of the average number of threshold cycle (Ct). 
Error bars indicate the standard deviation for triplicate samples from two independent 
experiments.  
 
Fig. 9. Expression levels of BdCBF3 gene in the wild type and RNAi transgenic 
plants under normal (23°C) or cold (4°C) conditions. Transcript levels of BdCBF3 
gene were extracted from the read count matrix of the RNA-seq data. The expression 
level was shown as normalized reads per kilobase of exon model per million mapped 
reads (RPKM).  
 
Fig. 10. Venn diagram of differentially expressed gene sets. The numbers in each 
section show the number of DE genes. There are a total of 1,357 DE genes been 
identified by comparing differential expression gene sets between the cbf3 vs. cbf3 
(4°C) comparison and the WT vs. WT (4°C) compassion. There are 1,482 DE genes 
been detected in the cbf3 vs. cbf3 (4°C) comparison and 1,856 DE genes been 
detected in the WT vs. WT (4°C) comparison.  
 
Fig. 11. Heat map showing differentially expressed genes in calcium signaling 
pathway. DE genes detected in at least one comparison of the four pairwise 
comparisons including cbf3 vs. WT, WT vs. WT (4°C), cbf3 vs. cbf3 (4°C), and cbf3 
(4°C) vs. WT (4°C) were extracted from the RNA-seq data and normalized by the 
RPKM method. Genes were clustered with the distance matrix computed using the 
Euclidean method from their RPKM normalized data. Four different clustering 
patterns are showing here including (cluster a) relative high expression in the WT 
(4°C) samples only; (cluster b) relative high expression in the cbf3 (4°C) samples 
only; (cluster c) relative low expression in the cbf3 (4°C) samples only; (cluster d) 
relative high expression in the cbf3 and WT (4°C) samples but relative low expression 
in the cbf3 (4°C) and WT (4°C) samples.  
 
Fig. 12. MapMan overview of the ubiquitin dependent protein degradation 
pathway. Differentially expressed genes were plotted on different ubiquitin 
subfamilies as (a) cbf3 vs. WT under normal conditions (23°C), (b) cbf3 vs. cbf3 
(4°C), (c) WT vs. WT (4°C) and (d) cbf3 (4°C) vs. WT (4°C). Square boxes next to 
each ubiquitin subfamily represent DE genes, in which down-regulated genes are 
showing in blue and up-regulated genes are showing in red. 
  
Fig. 13. Heat map showing differentially expressed genes in the WRKY 
transcription factor family. DE genes detected in at least one comparison of the four 
pairwise comparisons including cbf3 vs. WT, WT vs. WT (4°C), cbf3 vs. cbf3 (4°C), 
and cbf3 (4°C) vs. WT (4°C) were extracted from the RNA-seq data and normalized 
by the RPKM method. Genes were clustered with the distance matrix computed using 
the Euclidean method from their RPKM normalized data. Three different clustering 
patterns are showing here including (cluster a) relative high expression in the cbf3 and 
WT samples but relative low expression in the cbf3 (4°C) and WT (4°C) samples; 
(cluster b) relative high expression in the cbf3 (4°C) samples only; (cluster c) relative 
high expression in the WT (4°C) samples only.  
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Fig. 14. Heat map showing differentially expressed genes in HSF transcription 
factors. DE genes detected in at least one comparison of the four pairwise 
comparisons including cbf3 vs. WT, WT vs. WT (4°C), cbf3 vs. cbf3 (4°C), and cbf3 
(4°C) vs. WT (4°C) were extracted from the RNA-seq data and normalized by the 
RPKM method. Genes were clustered with the distance matrix computed using the 
Euclidean method from their RPKM normalized data. Two different clustering 
patterns are showing here including (cluster a) relative high expression in the WT 
(4°C) samples only and (cluster b) relative high expression in the cbf3 (4°C) and WT 
(4°C) samples but low expression in the cbf3 and WT samples under normal 
conditions.  
 
Fig. 15. Heat map showing differentially expressed genes in the gene set 
involving in abiotic stress. DE genes detected in at least one comparison of the four 
pairwise comparisons including cbf3 vs. WT, WT vs. WT (4°C), cbf3 vs. cbf3 (4°C), 
and cbf3 (4°C) vs. WT (4°C) were extracted from the RNA-seq data and normalized 
by the RPKM method. Genes were clustered with the distance matrix computed using 
the Euclidean method from their RPKM normalized data. Two different clustering 
patterns are showing here including (cluster a) relative high expression in the cbf3 and 
WT samples under normal condition but relative low expression under cold 
conditions (4°C) and (cluster b) relative low expression in the cbf3 and WT samples 
under normal conditions but relative high expression under cold conditions (4°C) or 
relative high expression in the WT (4°C) samples only.
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Abstract 
RNA interference (RNAi) technology has been successfully used for studying 
gene function in a variety of organisms. Hairpin DNA molecules made of inverted 
repeats of a target sequence is an efficient method in supressing gene expression in 
plants. Here we describe a Phi29-amplified RNAi construct (PARC) system suitable 
for generating RNAi libraries containing a pool of hairpinRNA constructs that 
represent tissue- or stress-specific genes. We have successfully generated a hpRNAi 
library from a creeping bentgrass salt-specific cDNA population, with an average 
insert size of 200-900 bp. To demonstrate the high throughput capacity, twelve 
randomly selected hpRNA constructs from the library were mobilized into 
Agrobacterium tumefaciens that are being used to transformcreeping bentgrass in 
order to induce gene silencing. Meanwhile, transgenic creeping bentgrass in which the 
brassinosteroid co-receptor gene, BRI1 has been knocked down were generated using 
an RNAi construct made with the same PARC method.  The RNAi transgenic plants 
exhibited phenotypes typical for a loss-of-fucntion mutant for the BRI 1 gene 
including dwarfism and reduced lamina joint response to exogeneously applied 24 
epibrassinolides. Our results indicate that the PARC method is highly efficient and 
cost effective in construction of tissue- or stress-specific RNAi libraries that can be 
used to generate mutant populations for functional genomics study. This method is 
particularly valuable for species in which sequencing information is limited and/or are 
polyploids.     
Key words: RNAi, gene silencing, hairpin, RNA library, salt, creeping bentgrass, 
brassinosteroid 
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RNA interference (RNAi) is a mechanism by which the presence of small 
fragments of double-stranded RNA (dsRNA), whose sequence is complementary to a 
given gene, interferes with the expression of that gene. RNAi technology is widely 
exploited nowadays in identifying gene or protein function by generating loss-of-
function mutants. It has been developed as an effective gene silencing strategy for 
plants and animals. The RNA silencing process is triggered by dsRNA, which leads to 
the suppression of target gene expression based on sequence homology (Denli and 
Hannon 2003; Waterhouse and Helliwell 2003). The phenomenon of RNAi is highly 
conserved among various organisms. It is termed post-transcriptional gene silencing 
(PTGS) in plants, quelling in fungi and RNA interference in animals (Romano and 
Macino 1992; Fire et al. 1998; Waterhouse et al. 1998; Cogoni and Macino 1999). 
The RNAi phenomenon was first observed in plants, where transformation was 
performed by introducing copies of a gene encoding for deep purple flower of petunia. 
Surprisingly, some of the transgenic plants showed white or chimeric flowers because 
the endogenous homologous gene was silenced (Napoli 1990). In 1998, Fire and 
Mello injected dsRNA into C. elegans and noticed an effective gene silencing effect. 
Then they developed the term RNA interference. They determined that the dsRNA is 
the trigger of gene silencing in the process of RNAi and functions much more 
effectively than single sense or antisense RNA in both plants and animals (Fire et al. 
1998). The RNAi mechanism that is present in all multicellular eukaryotes starts by 
the cutting of dsRNA into several small dsRNA fragments (21-27 nt) termed small 
RNAs by the Dicer, which is an protein complex functions as multi-domain 
ribonucleases III enzyme (Zamore et al. 2000; Bernstein et al. 2001; Tomari and 
Zamore 2005). These small RNAs include both short interfering RNA (siRNA) and 
micro RNAs (miRNAs). One of the siRNA strands or the miRNA strand can then 
  
67 
bind to the protein complex of the RNA-induced silencing complex (RISC) and 
incorporate the complex to the mRNA fragment that has complementary sequences, 
causing degradation of the target mRNA in the cytoplasm, leading to inhibition of 
protein synthesis and silencing of the gene (Bartel 2004; McManus and Sharp 2002; 
Meister and Tuschl 2004; Watson et al. 2005).  
The Agrobacterium-mediated transformation method was used in this study to 
induce silencing for creeping bentgrass. This stable and highly efficient genetic 
transformation method is widely applied in plant due to its low copy number of the 
transgene integrated into the host genome, and therefore the progeny of transgenic 
plants usually exhibit classic Mendelian inheritance. This approach can also induce 
highly efficient PTGS via the transgene that expresses self-complementary “hairpin 
RNA” (hpRNA). This hpRNA structure is composed of a base-paired stem formed by 
an inverted-repeat (IR) sequence of the target gene, and a single-stranded loop 
encoded by a spacer region (usually an intron) between the two repeats. The stem 
region is a substrate for the generation of siRNAs (Waterhouse et al. 1998; Smith et al. 
2000). A wide variety of genes have been successfully silenced using this hpRNA 
transgenes. It has been suggested that 5' - or 3' -untranslated regions or the coding 
region of an mRNA are all good silencing targets (Wesley et al. 2001).  
However, the successful application of hairpin RNA (hpRNA) construct-
induced gene silencing technology does not facilitate loss-of-function screens on a 
large scale, because it requires construction of tens of thousands of individually 
designed RNAi vectors based on sequence-specific cloning, which is impractical to be 
achieved. Therefore, various high throughput RNAi libraries have been developed for 
invertebrates, mammals, and plants (Fraser et al. 2000; Gonczy et al. 2000; Douchkov 
et al. 2005; Pan et al. 2012). Short hairpin RNA (shRNA) constructs are preferred 
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when induce silencing in mammals (Elbashir et al. 2001; Shirane et al. 2004) and 
many shRNA libraries for genome-wide functional study of animal genes have been 
constructed, including several restriction enzyme-mediated library construction such 
as the restriction enzyme-generated siRNA (REGS) (Sen et al. 2004), the siRNA 
production by enzymatic engineering of DNA (SPEED) (Luo et al. 2004a), and the 
enzymatic production of RNAi library (EPRIL) systems (Shirane et al. 2004). In 
plants, however, long hpRNA transgenes have proven to be more effective (Wang and 
Waterhouse 2002), usually with more than seventy percent of silencing frequency in 
the mutant population (Smith et al. 2000). Several long dsRNA RNAi libraries have 
been developed in Arabidopsis (Kerschen et al. 2004), barley (Douchkov et al. 2005), 
and maize (McGinnis et al. 2007). Wang et al. (2008) have developed a method for 
rapid and efficient preparation of genome-wide lhRNA expression libraries from 
cDNA libraries in Arabidopsis, which is the rolling circle amplification (RCA)-
mediated hpRNA (RMHR) construction system based on RCA of DNA using Phi29 
DNA polymerase. Later on, the authors optimized the RMHR system by improving 
the cDNA cloning vector as well as the use of loop-specific primers for the RCA 
reaction, and generated a genome-wide lhRNA library in rice with thousands of 
transgenic hpRNA lines (Wang et al. 2013).  
In this study, we use a novel approach termed PARC (Phi29 Amplified RNAi 
Construct) procedure (Fig. 1) to induce gene silencing in creeping bentgrass (Agrostis 
stolonifera L.). This high-throughput gene silencing approach uses Phi29 DNA 
polymerase-mediated amplification to convert a salt-specific cDNA library into a 
population of inverted repeats, each of which possibly represent a unique gene or 
cDNA insert that is present in the original cDNA library. We have validated the 
PARC system by generating transgenic plants with the brassinosteroid co-receptor 
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gene, AsBRI1, been successfully suppressed in creeping bentgrass using a single 
RNAi construct generated by the PARC system. 
Creeping bentgrass is a principal cool season perennial turfgrass species used 
extensively in golf courses and other turfgrass facilities due to its characteristics of 
creeping growth habit, high shoot density, and tolerance to low mowing (Warnke 
2003). It is also a key species in agro-ecosystems. Salinity stress on bentgrasses has 
increased in recent years due to water conservation efforts which made it necessary in 
some areas to irrigate turfgrasses with alternative water sources such as effluent water 
that contains high concentrations of various salts (Marcum 2001). Salinity stress is 
particularly problematic in western and southwestern US where water shortage is 
common. Therefore improving salinity tolerance in creeping bentgrass through either 
conventional breeding or genetic transformation is highly desirable. A robust 
Agrobacterium-mediated genetic transformation in creeping bentgrass has been 
established (Yu et al. 2000; Luo et al. 2004b; Kim et al. 2007). The goal of the current 
research is therefore to develop a high throughput RNAi tool to facilitate the study of 
gene function in creeping bentgrass. The objectives of this research are to (1) generate 
a cDNA library enriched for salt-responsive genes using the suppression subtractive 
hybridization method; (2) convert each of the salt-responsive cDNA molecules into 
inverted repeats suitable for RNAi; (3) validate the PARC system by generating 
RNAi transgenic plants with the brassinosteroid co-receptor gene AsBRI1 been 
efficiently suppressed by a single RNAi construct generated by the PARC method; (4) 
transform creeping bentgrass with the RNAi library containing inverted repeats of 
salt-specific genes to generate a mutant population in which some salt-responsive 
genes are knocked-down. 
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Results 
The PARC system 
The PARC procedure for generating hpRNA population from double-stranded 
cDNA was illustrated in Fig. 1. Briefly, two stem-loop structures were ligated to 
double-stranded DNA at the two termini to form a closed circular DNA molecule, 
which was then amplified by the Phi 29 DNA polymerase. The stem-loop serves as 
the spacer in the final hpRNA constructs. Single-stranded plasmid DNA was 
produced from the double stranded phagemid pSR252 using the VCSM13 helper 
phage. Restriction enzyme digestion of the single-stranded DNA with PspOMI, which 
is one of the recognition sites in the MCS region, generated the stem-loop structure. A 
cDNA population enriched for genes expressed in response to salt stress was 
produced by EagI digestion, which is a unique recognition site added to the end of 
subtracted cDNA population during the cDNA library construction (Fig. S1). PspOMI 
and EagI produce compatible overhangs. The cDNA fragments were ligated with the 
two stem-loop DNA, resulting a single-stranded closed circular dumbbell DNA 
structure, which has two cDNA molecules at opposite directions and two stem-loops 
(Step 1; Fig. 1). Rolling circle DNA replication (RCA) was then employed to amplify 
the circular dumbbell DNA molecules using Phi29 DNA polymerase and random 
primers. The RCA yielded linear double-stranded DNA molecules, which are 
concatemers of the IRs of cDNA fragmens encoding hpRNA and the double-stranded 
stem-loop (Step 2; Fig. 1). The amplification products were then digested with XmaI, 
which is a recognition site on one of the adaptors flanking the subtracted cDNA 
population, to release the IRs DNAs (Step 3; Fig. 1). Purified fragments of IRs were 
directly cloned into a binary expression vector pTF101.1-35S to form the final 
hpRNA expression constructs.  
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Construction of the creeping bentgrass salt induced cDNA library  
A creeping bentgrass cDNA library enriched for salt-responsive genes was 
constructed using the suppression subtractive hybridization (SSH) approach 
(Diatchenko et al. 1996). Plants were irrigatted with 500 mM NaCl solutions to cause 
salinity stress. Leaf tissues were harvested 24 h after salt treatment. Tester and driver 
cDNAs were reverse transcribed from the mRNA of salt-treated and wild type 
samples. Tester cDNAs were ligated with adaptors on both ends and ligation 
efficiency was verified using PCR analysis by amplifying cDNA fragments that span 
the adaptor/cDNA junctions (Fig. S2). A population of cDNA fragments of salt 
responsive genes was obtained after two rounds of subtraction. The entire population 
was then subjected to PCR twice to reduce background PCR products and to amplify 
the desired cDNA molecules. After the second PCR amplification using nested 
primers on the two adaptors, the subtracted sequences were greatly enriched (Fig. 2a).  
To estimate the subtraction efficiency, the salt-responsive gene P5CS (D1-
pyrroline-5-carboxylate synthase) was used for monitoring gene enrichment during 
the SSH library construction. Our results showed that AsP5CS is highly induced 24 h 
after NaCl treatment (Fig. 2b). PCR amplification was conducted using the subtracted 
and un-subtracted secondary PCR product as template. The abundance of P5CS 
cDNA was dramatically increased after subtraction (Fig. 2c). To further characterize 
the SSH cDNA library, the whole library was cloned into the pGEM®-T Easy vector 
and was then transformed into E.coli DH5α competent cells. Eighteen single colonies 
were randomly selected and digested with EagI, which is the recognition site nested 
in the adaptor sequences. The resulting fragments have the size ranging from 100 to 
1,000bp (Fig. 2d). Sequencing of these fragments showed high identity with genes 
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from Triticum aestivum or Lolium perenne, both of which are phylogenetically close 
to creeping bentgrass.   
Construction of creeping bentgrass hpRNA library 
The subtracted cDNAs recovered following a digestion with EagI were ligated 
with the PspOMI digested stem-loop DNA. The ligation resulted in the formation of 
closed circular DNA molecules that contain two cDNA molecules in opposite 
orientation as well as two stem-loop molecules (Fig. 1). The circular DNA molecule 
was then amplified by Phi29 DNA polymerase to generate the dsDNA molecules that 
are concatemers of IRs DNAs. The IR DNAs were then recovered by digestion of 
XmaI, which is the unique recognition site located in one of the adaptors that flanking 
the subtracted cDNA fragments. The efficiency of Phi29 amplification was analyzed 
by gel electrophoresis. XmaI digestion of the Phi29 amplified DNAs resulted in a 
strong band about 900bp (mini-IR band) and a smear (IR-DNAs) on the top of the 
band (Fig. 3). The IR-DNAs were recovered from the gel and directly cloned into the 
binary expression vector pTF101.1-35S, which was derived from the base vector 
pTF101.1 MCS version by replacing a small fragment of the multiple cloning sites 
region with the CaMV 35S promoter. The ligation product was then transformed into 
E.coli DH5α competent cells and grew on solid LB medium with spectinomycin, 
generating ~104 clones.  
Quality check of the hpRNA library 
Thirteen clones were randomly selected and digested with XmaI, yielding 
DNA fragment with sizes ranging from 1300-3000bp (994bp of stem loop + IR DNA) 
(Fig. 4). To check the quality of the hpRNA library, these random clones were 
sequenced and analyzed by BLAST searches in the NCBI database. The sequencing 
results confirmed insertion of the inverted repeat structure in all of the selected 
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clones. Table 1 lists the BLAST results of the thirteen sequences obtained from each 
of the thirteen selected single colonies that gave expected fragment size after enzyme 
digestion shown in Fig. 4. The targeted DNA inserts were either homologous to genes 
in grasses such as Brachypodium, Triticum aestivum, Hordeum vulgare, and Oryza 
rufipogon, or were true eukaryotic genes with poly (A) tail but with no significant 
similarity found in existing database, which is likely due to limited sequence 
resources for creeping bentgrass because creeping bentgrass has not been sequenced. 
Taken together, these results indicated that the hpRNA library constructed using the 
PARC procedure could target diverse genes for silencing in creeping bentgrass.  
Generation of transgenic creeping bentgrass 
To validate the PARC method, a single RNAi silencing construct targeting 
creeping bentgrass Bri1 gene, which encodes a putative BR receptor (Li and Chory 
1997), was constructed and used for plant transformation through Agrobacterium-
mediated method. A total of 126 putative transgenic plants from 96 independent 
transgenic lines were regenerated. The binary vector used for the transformation 
contains the hygromycin resistance gene hygromycin phosphotransferase (hpt). PCR 
analysis of genomic DNA from the regenerated putative transgenic plants was 
performed to verify the insertion of hpt. A transformation efficiency of 20.6% was 
obtained, which was calculated as the percentage of putatively independent transgenic 
events obtained from all Agrobacterium-infected calli.    
Transgenic plants with suppressed AsBri1 displayed dwarf phenotypes 
All transgenic creeping bentgrass plants showed extremely dwarf phenotypes 
with reduced internode length as well as wrinkled leaf surface that were different 
from wild type plants during growth (Fig. 5). Fifteen independent AsBri1 transgenic 
lines were randomly selected for phenotypic analyses by comparing the transgenic 
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plants with wild type plants after the plants were grown for two months in the 
greenhouse. The leaf length of transgenic plants was approximately 1.7 cm, which 
was significantly shorter than that of the wild type plants, which was about 7.1 cm 
(Fig. 6a). The leaf width of the wild type plants was about 3.2 cm, whereas the 
transgenic plants had leaf widths ranging from 1.2 to 1.8 cm (Fig. 6b). The internode 
length of the first internode to the eighth internode was also measured. All internode 
length in the transgenic plants was significantly shorter than that in the wild type 
plants (Fig. 6c). For example, the first internode (lowest) was about 2.7 cm in the wild 
type plants, but only 0.9 cm in the transgenic plants. And the fifth internode was 
about 3.7 cm in the wild type plants, with that of 0.9 cm in the transgenic plants. The 
average stem length, which is the sum of all internode lengths, was about 34 cm in the 
wild type plants, but was 12 cm in the transgenic plants (Fig. 6d).  
Reduced sensitivity of AsBri1 mutant to BR by lamina inclination assay  
Lamina inclination assay is normally used to determine the sensitivity of BR 
response in rice (Wada et al. 1981). To compare the BR sensitivity of lamina joint leaf 
bending between the AsBri1 mutants to the wild type plants, the lamina inclination 
assay was conducted. The results showed that the degree of bending between the leaf 
blade and leaf sheath in ArBri1 mutant plants was less than that of the wild type 
plants (Fig. 7a). In the wild type plants, the bending degree increased along with the 
increasing concentration of 24-epiBL (24-epibrassinolide). The leaf angles were about 
50° in the wild type without 24-epiBL treatment and increased to 68°, 90° and 107° at 
10, 100 and 1,000 ng of 24-epiBL, respectively. However, the extent of inclination in 
ArBri1 mutant plants was much less than that of the wild type plants. The leaf angles 
were increased from 50° to 59° at 100 ng of 24-epiBL and slightly increased to 64° at 
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1,000 ng of 24-epiBL (Fig. 7b). These results indicated the reduced BR response in 
terms of lamina inclination in the AsBri1 mutant plants.  
Silencing of AsBri1 enhanced drought tolerance in creeping bentgrass 
 To investigate how silencing of AsBri1 would impact plant tolerance to 
drought stress, leaf physiological responses to drought stress were evaluated. Grass 
quality, leave relative water content (RWC), and leaf photochemical efficiency (Fv/Fm) 
were not different between the wild type and mutant plants before the drought stress 
started when soil water content (SWC) was maintained at about 35% (Fig. 8). The 
SWC for the wild type plants dropped to 0% after 4 days of water stress, while the 
SWC for ArBri1 mutant plants dropped to 0% after 11 days of water stress (Fig. 8a). 
The grass quality, leave RWC and Fv/Fm of both wild type and mutant plants were all 
decreased in response to drought stress, but the decline rates for the ArBri1 mutant 
plants were much slower and were maintained at a higher level than the wild type 
plants. At the end of drought treatment when SWC dropped to 0%, grass still showed 
better qualities with quality ratings around 6 for the mutant plants but only 2 for the 
wild type plants (Fig. 8b). Leaf RWC started to decline when SWC dropped to 5% 
and was ~60% when the soil completely dried out (0% SWC) in the mutant plants. 
However, leaf RWC decreased to 83% when SWC was 15% and dropped to 34% 
when the soil dried out (Fig. 8c). Leaf Fv/Fm   was also showing similar pattern, which 
was significantly higher in the mutant plants (0.6) than in the wild type plants (0.3) 
when SWC dropped to 0% (Fig. 8d). 
 
Discussion 
RNAi has been exploited as a powerful tool for plant functional genomics 
studies. Generation of plant mutant population with multiple or a pool of genes 
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silenced, however, requires construction of tens of thousands of distinct RNAi 
constructs that is impractical to be achieved with conventional method. Large RNAi 
libraries for plants and animals have been developed to facilitate genome-scale 
functional genetic screen.  
In this study, we developed a high-throughput gene silencing system that 
enables us to investigate the functions of hundreds of unknown genes effectively 
because it uses a restriction enzyme-mediated method to convert a salt-specific cDNA 
library into a hpRNA expression library, each of the IR structure in the library might 
represent a unique gene or cDNA fragment from the cDNA library.  
Several restriction enzyme-mediated library construction methods have been 
reported, such as the REGS (Sen et al. 2004), the SPEED (Luo et al. 2004), the 
EPRIL (Shirane et al. 2004) and the short hairpin RNA (shRNA) library constructed 
by Fukano et al. (2006). These techniques allow effective preparation of shRNA 
expression libraries, which are suitable for inducing silencing in mammalian cells. In 
plants, loss-of-function mutant populations are normally generated through T-DNA 
insertional mutagenesis or transposon tagging (Kolesnik et al. 2004; Ahn et al. 2007; 
Bolle et al. 2011; Wang et al. 2013). The disadvantage of these approaches is that a 
large mutant population is required to guarantee sufficient genome-wide coverage of 
genes silenced. In addition, phenotypes are not observable in the primary 
transformants until homozygous lines are obtained through selfing. This could be a 
challenging task for many perennial grasses including creeping bentgrass that is self-
incompatible. Furthermore, T-DNA insertion is unlikely to silence genes with 
redundant copies or in polyploids which most perennial grasses are. Compared with 
these approaches, our PARC method has the advantages of easily generating inverted 
repeat constructs specific for a pool of target genes but does not require the prior 
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knowledge of the DNA sequence information of such genes; creating mutant 
populations that can be screened for phenotypes immediately at T1 generation even 
with multiple gene copies in the genome. Using tissue- or stress- specialized cDNA 
populations from a subtractive cDNA library allows mutagenesis of a subset of genes 
preferentially over other genes in the genome. 
Long hpRNA (lhRNA) libraries effective at inducing silencing in plants have 
also been reported. The rolling circle amplification-mediated hpRNA (RMHR) library 
construction system reported by Wang et al. (2008) can be used to prepare hpRNA 
constructs from both a single gene or a library with a population of target genes. In 
this RMHR system, two different stem-loop DNAs (miniHP1 and miniHP2) were first 
ligated to double stranded cDNA molecules to form a closed circular DNA for 
subsequent Phi29 polymerase amplification and the miniHP2 loop serves as the 
spacer region in the hpRNA construct. This ligation step is similar to our PARC 
method. However, they require one extra cloning step in which the cDNA fragments 
were introduced into an intermediate vector pBsa in order to introduce the sticky ends 
compatible with the two stem loops. This cloning step is not only time-consuming but 
could also negatively affect the efficiency of the RMHR system. The authors have 
recently improved this system in rice using a modified intermediate vector pBsa2T, 
which has a higher efficiency for cDNA ligation (Wang et al. 2013). But still, in our 
PARC system, the cDNAs can be directly ligated to the stem-loop DNA that contains 
multiple cloning sites, providing more flexibility. This simple ligation step greatly 
improves the construction efficiency. Besides, in the RMHR system, the spacer region 
in the final hpRNA construct, mini-hairpin 2, is relatively short (17 bp in Arabidipsis 
system; 50 bp in rice system) that may not be stable in E.coli cells. Tomimoto et al. 
(2012) have generated a lhRNA expression library from a cDNA plasmid library 
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using Cre recombinase, which avoided subcloning IR dsDNA into a vector first. 
However, the spacer region in this system is also relatively short (38 bp). In our 
PARC system, the 994 bp stem loop structure serves as the spacer region, which 
provides more stability. Furthermore, the inserted DNA fragment in the RMHR 
system is 200-400 bp. The authors indicated that they selected DNA inserts in this 
size region because inverted-repeat DNA structure with long stems and a relative 
short spacer might not be stable in E.coli cells. In comparison, the targeted DNA 
fragments in our PARC system have a wider range of 180-1,000 bp. The long stem 
loop spacer is able to accommodate long DNA insert sequences. Our results also 
demonstrated that the hpRNA construct harboring longer DNA fragment could be 
stably mobilized from E.coli to Agrobacterium. 
We constructed a salt stress-responsive hpRNA library in creeping bentgrass 
in this work to discover genes that contribute to salt tolerance. Our approach is 
particularly suitable for polyploid plant species in which multiple alleles of a gene 
often exist and in which genome sequence information is not available. In principle, 
this approach should be potentially applied to any cell-, tissue-, or stress- specific 
biological processes in a wide range of crop species in which the transformation 
system has been established. The salt-specific RNAi library has also been introduced 
into Agrobacterium and transformation of creeping bentgrass has been performed to 
produce a transgenic RNAi population. A bar gene that was carried by the pTF101-
35S vector was used as the selectable marker coupled with glufosinate as the selective 
agent. The creeping bentgrass transgenic plants with the AsBri1 gene been effectively 
suppressed proved the applicability of our PARC system.  
BRs have been well characterized as one of the most important plant steroid 
hormones that play essential roles in a wide range of biological and physiological 
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processes during plant growth such cell elongation and stress resistance (Hao et al. 
2013). BRI1, the receptor of BR, has been implicated as a master regulator of BR 
signaling (Nam and Li 2002). Bri1 mutant plants usually display BR-defective 
phenotypes such as dwarfism in both dicot and monocot plants (Chono et al. 2003; 
Morinaka et al. 2006; Thole et al. 2012; Yamamuro et al. 2000).  
In our study, knockdown of AsBri1 gene resulted in extreme dwarf phenotypes 
in transgenic creeping bentgrass plants, with a plant height only about 35% of that in 
wild type plants, which is mostly caused by severe inhibition of internode elongation 
in the mutant plants (Fig. 5 and 6). In rice, leaf angles increase in response to BRs and 
BR-deficient rice mutants have been reported to display dwarf phenotype with erect 
leaves (Yamamuro et al. 2000; Sakamoto et al. 2005). Although this reduced leaf 
angle phenotype was not observed in our creeping bentgrass AsBri1 mutants, in the 
lamina inclination assay, leaf angles increased dramatically with the increase of 24-
epiBL concentrations in wild type plants but only slightly increased in mutants (Fig. 
7). These results confirmed the reduced BR sensitivity to 24-epiBL in the mutants. 
Besides, we have also observed a characteristic phenotype that the leaf blade of 
AsBri1 mutant creeping bentgrass has wrinkled surface region (Fig. 5c). Similar 
observations of wrinkled or twisted leaves have also been reported in rice (Morinaka 
et al. 2006; Nakamura et al. 2006; Zhao et al. 2013). As investigated in the rice d61-4 
mutant, this phenotype was mainly caused by disordered cell division and subsequent 
disturbed cell files in leaf primordia (Nakamura et al. 2006).  
In this study, we developed the transformation protocol for creeping bentgrass 
based on Luo et al.’s (2004) method and used this Agrobacterium-mediated 
transformation to introduce AsBri1 silencing, with a high efficiency of 20.6%. 
However, we performed all analyses only at T0 generation and were not able to obtain 
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transgenic homozygous lines to investigate whether the transgene can be stably 
transmitted to the next generation in the present study because creeping bentgrass is a 
self-incompatible perennial with vernalization requirement for flowering.  
 Here we found that silencing of AsBri1 gene improves drought tolerance in 
creeping bentgrass. Physiological adaptations such as reduction in cell size that 
improve plant drought tolerance have been reported (Cutler et al. 1977). Smaller and 
more compact cells would lead to lower cellular osmotic potential and also less water 
evaporation, which would confer the mutant plants enhanced drought tolerance. To 
better understand the molecular mechanisms of defective AsBri1 inducing improved 
stress tolerance in creeping bentgrass, gene expressions under drought stress needs to 
be assessed. However, the lack of genome information of creeping bentgrass made it 
difficult to investigate these gene expression patterns. Our results validated the 
applicability of the PARC system and also demonstrated the possibility of genetically 
manipulating BR-signaling to develop a bentgrass variety with reduced growth along 
with increased drought tolerance.  
 
Materials and Methods  
Salt treatment, RNA isolation and mRNA quality check  
Clonal materials for a specific genotype of the elite cultivar Penn A4 creeping 
bentgrass were produced through vegetative propagation. Plants were irrigated with 
1,000 mL 500 mM NaCl solution for salt treatment or the same amount of water for 
non-salt treatment control. Leaf tissues were harvested 24 hours after salt treatment 
and total RNA was isolated using the PureLink® Plant RNA Reagent (Invitrogen). 
The mRNA was further purified using the NucleoTrap poly (A) mRNA Purification 
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kit (Clontech). The quality of mRNA was analyzed using the Agilent 2100 
Bioanalyzer (Agilent Technologies).  
Construction of a cDNA library from salt-treated leaf tissue by suppression 
subtractive hybridization (SSH)  
PCR select cDNA subtraction was performed using the PCR-select cDNA 
Subtraction Kit (Clontech) following the manufacturer's instructions. Both mRNA 
populations (2 µg of each) were reverse transcribed into double-stranded cDNA with 
two steps of cDNA synthesis process. cDNA that was from salt treated plants was 
used as a tester and cDNA from untreated plants was used as a driver. Both the tester 
and driver cDNA were digested with RsaI. Tester cDNA was subdivided into two 
equal portions, each of which was ligated with a different adaptor. Two rounds of 
hybridization and PCR ampliﬁcation were performed to normalize and enrich the 
differentially expressed sequences. Products of the second PCR were directly inserted 
into the pGEM®-T Easy vector (Promega) and then transformed into E.coli DH5α 
competent cells. Recombinant clones were harvested to establish the subtracted 
cDNA library. 
Sequence analyses  
To isolate the P5CS homolog from creeping bentgrass, primers (forward: 5'-
CGGATCGTGATTTTCTGGAT-3'; reverse: 5'-TGCAATTACAGCAGGTACGC-3') 
were designed based on the P5CS partial mRNA sequence from Brachypodium.  
Partial sequence of the BdP5CS homolog (AsP5CS) about 400bp long was obtained 
from creeping bentgrass. To verify whether this gene is salt-induced, its expression in 
response to NaCl treatment was examined.   
Colonies were randomly selected from the plated cDNA library. Plasmid 
DNAs were isolated and sequencing was performed at the Iowa State University 
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DNA facility. All sequences were compared with the GenBank database using 
BLASTN (http://www.ncbi.nlm.nih.gov/BLAST/). Sequence data from this article 
can be found in the GenBank/EMBL data libraries under the following accession 
numbers: BdP5CS, XM_003568279; BdGAPDH, XM_003574492; BdBRI1, 
BRADI2G48280.  
Production of the stem-loop (SL) DNA structure from pSR252 single-stranded 
plasmid 
The stem-loop DNA structure was produced from pSR252, which is a 
phagemid that contains a mini inverted repeat structure with multiple restriction 
enzyme cutting sites on the inverted repeat part. pSR252 was first transformed into 
the E.coli strain XL1-blue that has an  F` episome. Single colony that was confirmed 
by restriction enzyme digestion was cultured in a 5 ml liquid LB medium 
supplemented with 100 mg L-1 ampicillin and 100 mg L-1 tetracycline at 37 °C for 
overnight. The 5 ml culture was then transferred into 500 ml liquid LB medium 
supplemented with 100 mg L-1 ampicillin. The helper phage VCSM13 was also added 
to the medium with a final concentration of 1x 107 pfu mL-1 and cultured at 37 °C for 
overnight. The culture was centrifuged down at 10,000 rpm for 20 min at 4°C. The 
supernatant was obtained and 15% volume of a solution containing 20% PEG8000 
and 2.5 M NaCl was added. The mixture was kept at 4 °C to precipitate DNA for 
overnight. DNA pellet was centrifuged down at 10,000 rpm for 15 min at 4 °C and 
was re-suspended with 10 ml of 0.3 M NaOAc (pH 6.0) and 1 mM EDTA. Equal 
volume of phenol/chloroform (1:1, v/v) was added and the phagemid DNA was phase 
separated by centrifuging at 14,000 rpm for 10 min. The aqueous phase was obtained 
and 2.5 volume of ethanol was added to precipitate the ssDNA at -20 °C for 30min. 
The ssDNA pellet was centrifuged down at 14,000 rpm for 5 min and washed by 70% 
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ethanol. Air-dried ssDNA pellet was dissolved in 100 µl TE buffer. About 20 µg of 
ssDNA was digested with the restriction enzyme PspOMI and the digestion product 
was separated on a 1% agrose gel. The stem-loop DNA molecule is about 600 bp on 
the gel and was recovered using the gel extraction kit (Invitrogen). 
Ligation of cDNA library with stem-loop, Phi29 amplification of IR DNAs, and 
ligation of IR DNAs with pTF101.1-35S 
The stem-loop DNA was ligated with 2 µg of cDNAs (molar ratio of stem-
loop: cDNA=4:1) using T4 DNA ligase (Invitrogen) at 16 °C for overnight. The 
ligation product was recovered by ethanol precipitation with 0.1 volume of 3M 
NaOAc and 2.5 volume of ethanol at -20 °C for 30 min. The DNA pellet was 
centrifuged at 10,000 rpm for 15 min at 4 °C and dissolved in ddH2O. The dissolved 
ligation product was then digested with the restriction enzyme PspOMI (New England 
Biolabs) at 37 °C for 3 h to remove self-ligated stem-loop. The circular DNA 
molecule was then amplified by Phi29 DNA polymerase using the IllustraTM 
TempliPhi 100 Amplification Kit (GE Healthcare) in a rolling circle DNA replication 
manner following the manufacturer's instructions. The amplified DNA was then 
precipitated with 0.1 volume of 3M NaOAc and 2.5 volume of ethanol at -20 °C for 1 
h. The resulting DNA pellet was centrifuged at 10,000 rpm for 15 min at 4 °C and 
finally dissolved in ddH2O. A total of 2 µg IR DNAs were ligated with the pTF101.1-
35S using T4 DNA ligase (Invitrogen) at 16 °C for overnight. The ligation product 
was transformed into E.coli DH5α competent cells and grew on solid LB medium 
with 100 mg L-1 spectinomycin.  
Transformation of Agrobacterium  
The plasmid DNA from the E.coli carrying the RNAi library was extracted 
and transformed into Agrobacterium strain C58C1 using the freeze-thaw method. For 
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each transformation reaction, 200 µl of Agrobacterium competent cells were thawed 
on ice and 2 µg of plasmid DNA made up of the RNAi librarywas added. The mixture 
was incubated on ice for 5 min and transferred to liquid nitrogen for 5 min. The 
mixture was then heat shocked in a 37 °C water bath for 5 min and placed on ice 
again for 5 min. Liquid LB medium was added to each mixture and the tubes were 
placed in a 37 °C shaker for 3 h. The cells were collected by briefly spinning down at 
5,000 rpm for 1 min and were plated on LB agar plates supplemented with 50 mg L-1 
rifampicin, 50 mg L-1 gentamicin, and 50 mg L-1 spectinomycin. The plates were 
incubated at 28 °C for 2 days. Single colonies were confirmed to carry the RNAi 
plasmid by colony PCR using a forward primer designed from the upstream region of 
the inserts (forward 5'-TTGTAGTCCATGGTGGCAAA-3'), and a reverse primer 
designed from the stem-loop region (reverse 5'-CATGACGACCAAAGCCAGTA-3').     
Gene construct for AsBri1 gene silencing  
The RNAi construct was generated based on the mRNA sequence of BdBRI1 
using the PARC method. The 3' coding region of 837 bp of cDNA fragment of 
BdBRI1 was amplified and the AscI recognition site (GGCGCGCC) was introduced 
into the 5' end. The fragment was then introduced into pGEM®- T Easy vector 
(Promega) and transformed into E.coli DH5α competent cells. Positive colony was 
confirmed by sequencing. The stem-loop DNA digested with PspOMI was ligated 
with the cDNA of BdBRI1 digested with NotI using T4 DNA ligase (Invitrogen) at 16 
°C for overnight. The ligation product was amplified by Phi29 DNA polymerase and 
the amplified DNA was digested with AscI to generate inverted repeats (IR) of the 
BdBRI1 gene. The IR DNAs were introduced into a binary expression vector pFY32, 
which is modified by LR recombination of the entry vector pENTRTM/D-TOPO® 
(Invitrogen) and the Gateway destination vector pMDC32 (Curtis and Grossniklaus 
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2003). The resulting pFY32-BRI1 RNAi construct was transformed into E.coli DH5α 
competent cells, which were then grown on solid LB medium with 100 mg L-1 
ampicillin. The construct was verified by sequencing and was introduced into 
Agrobacterium C58C1 strain. 
Plant materials and generation of transgenic plants  
Mature seeds of the ‘Penn A-4’ cultivar (2n = 4x = 28) of creeping bentgrass 
were surface-sterilized in 3% chloride for 20 minutes and in 70% ethanol for 30 
seconds, rinsed three times in sterilized water, and then placed in callus-induction 
medium containing MS basal salts and B5 vitamins, 30 g L-1 sucrose, 500 mg L-1 
casein hydrolysate, 6.6 mg L-1 dicamba, 0.5 mg L-1 6-benzylaminopurine (BAP) and 2 
g L-1 Phytagel. Before Agrobacterium infection, embryogenic calli were maintained 
and subcultured at 4-week intervals on fresh medium in darkness at room temperature. 
One day before Agrobacterium infection, the embryogenic callus was divided into 1-2 
mm pieces and placed on callus-induction medium supplemented with 100 µM 
acetosyringone. Agrobacterium tumefaciens (strain C58C1) carrying the RNAi 
plasmid was cultured in LB medium with 50 mg L-1 rifampicin, 50 mg L-1 gentamicin, 
50 mg/L spectinomycin and incubated overnight at 28 °C in a shaker at 220 rpm. The 
Agrobacterium suspension was diluted to an OD of 0.7-0.8 at 650 nm with liquid 
suspension medium (liquid callus-induction medium plus 100 µM acetosyringone) 
was then applied to the calli for 10 min, followed by 3 days of co-cultivation in 
darkness. For antibiotic treatment, the calli were transferred to callus-induction 
medium containing 150 mg L-1 timentin and cultured for 2 weeks in darkness to 
suppress bacterial growth. Subsequent selection process was performed on selection 
medium (callus-induction medium plus 150 mg L-1 timentin and 40 mg L-1 
hygromycin for AsBri1 construct or 150 mg L-1 timentin and 4 mg L-1 glufosinate for 
  
86 
RNAi library, respectively) in darkness for 8 weeks. The medium was replaced every 
2-3 weeks to stay fresh. For plant regeneration, the proliferating resistant calli were 
moved to regeneration medium (MS basal salts and B5 vitamins with 30 g L-1 sucrose, 
2 mg L-1 BAP and 3 g L-1 Phytagel, supplemented with 10 mg L-1 hygromycin for 
AsBri1 construct or 1 mg L-1 glufosinate for the RNAi library, respectively) and kept 
in a growth chamber with light intensity of 100 µmol m-2 s-1 and a photoperiod of 
16h/8h (day/night) at 24 °C for 2-3 weeks to develop shoots. Regenerated shoots 
around 2-3 cm long were then transferred to Magenta boxes containing hormone-free 
rooting medium (MS basal salts and MS vitamins with 30 g L-1 sucrose and 3 g L-1 
Phytagel). Healthy plantlets with well-developed roots were then transferred to soil 
and maintained in the greenhouse with a 16/8 h (day/night) photoperiod with light 
intensity of approximately 400 µmol m-2 s-1 and day/night temperatures of 24/20 °C.  
Isolation of genomic DNA and PCR confirmation of putative transgenic plants 
Genomic DNA was extracted from approximately 100 mg of fresh leaves 
using CTAB method. PCR analysis was performed to verify the putative transgenic 
lines by amplifying the hygromycin resistant gene hygromycin phosphotransferase 
(hpt) present in the binary vector pFY32 using primers (forward: 5'-
GAATTCAGCGAGAGCCTG-3'; reverse: 5'-ACATTGTTGGAGCCGAAA-3') 
designed based on the hpt sequence from Brachypodium. 
Phenotypic analyses of the AsBri1 transgenic plants 
Both the transgenic and non-transgenic plants were maintained and regularly 
trimmed under the same condition in the greenhouse. Phenotypic analyses were 
performed when the plants were 6 months old since planting in soil. Leaf length was 
measured on the third leaf blade counting from the bottom of plant. Leaf width was 
measured on the widest part of the third leaf blade. Internode length was measured as 
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the internodes distance of one node from the next one. Stem length was measured 
from the top of the soil to the top of the main plant stem. The first eight internodes in 
the main plant stems were measured. All measurements including leaf length, leaf 
width, stem length, and internode length were conducted by taking 15 (n=15) samples. 
The entire measurement test was repeated three times.  
Lamina inclination assay of BR sensitivity 
Uniform bentgrass stems were sampled and stem segments containing the 
second leaf lamina joint from the stem tip were excised. The lamina joints were 
placed on moisture filter paper and 1 µL of DMSO solution containing 0, 10, 100, and 
1,000 ng of 24-eBL (24-epibrassinolide) was spotted onto the joint between the leaf 
blade and leaf sheath. After incubation in the dark chamber at room temperature for 3 
days, the angle between the lamina and the sheath was measured using ImageJ 
software. Lamina joint angles were averaged in 5 plants. 
Drought stress and physiological analyses  
Before drought treatment, plants were watered daily, fertilized twice a week 
with Hoagland’s nutrient solution, and trimmed regularly. All plants were fully 
irrigated before the drought treatment and were withholding irrigation to impose 
drought stress until most of the leaves were wilted completely. The soil water content 
(SWC) was measured using the ECH2O (Decagon Devices) sensor and the moisture 
data were recorded with 1h intervals. Grass quality was rated visually based on the 
level of leaf wilting and leaf color on a scale of 1-9 (1 = completely wilted, brown 
leaves; 9 = fully turgid, green leaves). Relative water content (RWC) of leaves was 
calculated based on leaf fresh weight (FW), turgid weight (TW), dry weight (DW) 
using the following formula: (FW – DW)/(TW – DW) × 100. Approximately 100 mg 
of leaf samples were excised from the plant and immediately weighted as the FW on a 
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daily basis. Immediately after measuring, leaves were soaked in ddH2O for 12 h at 
room temperature in covered Petri dish. TW was measured after leaves were blotted 
dry. DW was measured after drying the leaves in an oven at 67 °C for 3 days. Leaf 
photochemical efficiency (Fv/Fm) was measured using a chlorophyll fluorescence 
meter (PAM-2000, Heinz Walz GmbH, Germany). Leaf clips were used for dark 
adaption of leaves 30 min prior to data reading. Three leaf samples were taken from 
each pot on every sampling day.  
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Tables 
Table 1. Sequencing results of the hairpin RNA. BLAST searches showed that all 
inserted fragments represent true genes that either have significant similarity to 
known genes in other grass species or have no significant similarity to genes in 
existing databases. NA stands for not available.  
Clone No. 
Size of the 
insert (bp) 
Sequence 
identity (%) 
Homologues gene 
1 295 86 Brachypodium distachyon acyl carrier protein 
2 512 91 Phyllostachys edulis cDNA clone: bbasst002d04 
3 184 85 
Brachypodium distachyon cysteine proteinase 
RD21a-like 
4 991 93 Triticum aestivum pollen-specific protein SF3-like 
5 307 NA 
Eukaryotic genes with a poly (A) tail but no 
significant similarity found 
6 402 84 
Brachypodium distachyon oxygen-evolving 
enhancer protein 1 
7 946 NA 
Eukaryotic genes with a poly (A) tail but no 
significant similarity found 
8 253 86 Hordeum vulgare acyl carrier protein 1 
9 452 NA 
Eukaryotic genes with a poly (A) tail but no 
significant similarity found 
10 376 96 Oryza brachyantha calvin cycle protein CP12-1 
11 480 NA 
Eukaryotic genes with a poly (A) tail but no 
significant similarity found 
12 328 82 Brachypodium distachyon subtilisin-chymotrypsin 
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inhibitor-2A-like 
13 404 90 Triticum aestivum thioredoxin H 
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Figure Legends 
Fig. 1. Illustration of the PARC (Phi29 Amplified RNAi Construct) system. Step 
1, a cDNA population enriched for tissue- or stress-specific genes is digested with 
PspOMI and was ligated with the stem loop structure to form a single-stranded 
closed, circular dumbbell DNA molecule. Step 2, the circular dumbbell DNA 
molecule was subjected to rolling circle DNA replication (RCA) using Phi29 DNA 
polymerase and random primers. This RCA yielded long linear concatemers of 
inverted repeats (IRs) of cDNA fragments as well as the double-stranded stem-loops. 
Step 3, XmaI digestion of the concatemers releases the IRs of the target genes and the 
mini-inverted repeats.  
 
Fig. 2. Construction of the creeping bentgrass from salt-treated leaf tissues. (a) 
The secondary PCR products after two steps of hybridizations. Lane M: 1kb Plus 
DNA marker. Lane 1: The secondary PCR products of un-subtracted tester cDNA 
ligated with both adaptors. Lane 2: The secondary PCR products of subtracted tester 
using nested primers in the two adaptors. The adaptor sequences on both ends of 
DNA fragments cause the downward mobility shift of these PCR products compared 
with the un-subtracted originals. (b) Semi-quantitative RT-PCR showing the 
transcript of AsP5CS is highly induced after 24 hours of NaCl treatment (c) Increasing 
of P5CS abundance by PCR-select subtraction. PCR was performed on the un-
subtracted (Lanes 1-4) or subtracted (Lanes 5-8) secondary PCR product with the 
P5CS 5' and 3' primers. Lane M: 1kb Plus DNA marker. Lanes 1 & 5: 25 cycles; 
Lanes 2 & 6:30 cycles; Lanes 3 & 7: 35 cycles; Lanes 4 & 8: 40 cycles. (d) plasmid 
DNA from single colonies of the SSH cDNA library after EagI digestion. The 
majority of the inserts in the SSH cDNA library has a size ranging from 100-600bp. 
Lane M: 1kb Plus DNA marker. Lanes 1-10: 10 single colonies from the 18 randomly 
selected ones. Samples are all electrophoresed on a 2% agarose/EtBr gel.  
 
Fig. 3. XmaI digestion of Phi29 amplified IR DNA. With efficient ligation of the 
salt-specific cDNA library and the stem-loop DNA, digestion of the amplified DNA 
will result in a strong band of 900bp long and a smear above it. Lane M: 1kb Plus 
DNA marker. Lane 1: Un-digested IR DNA control. Lane 2: Phi29 amplified IR DNA 
with XmaI digestion. Samples were electrophoresed on a 2% agarose/EtBr gel. 
 
Fig. 4. XmaI digestion results of the plasmid DNA from single resulting from 
transforming the ligation product of pTF101.1-35S and the IR DNAs to E.coli 
competent cells. XmaI digestion resulted in expected fragment size ranging from 
1,300-3,000bp (994bp of the stem loop plus IR DNA). Lane M: 1kb Plus DNA 
marker. Lanes 1-13: 13 randomly selected single colonies. Samples were 
electrophoresed on a 2% agarose/EtBr gel. 
 
Fig. 5. Phenotypes of AsBri1 representative transgenic plant compared with the 
wild type plants. (a) Plant morphology of a wild type and AsBri1 mutant plants 
(RNAi11 and RNAi-57). (b) Stem and internode morphology of a wild type and 
AsBri1 mutant (RNAi-11 and RNAi-57). (c) Leaf blade of a wild type and AsBri1 
mutant (RNAi-11 and RNAi-57). Pictures were taken when two weeks after plants 
were transferred to soil. RNAi-11 and RNAi-57 are two randomly selected mutant 
plants in which the AsBRI1 gene is down regulated. 
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Fig. 6. Phenotypic analysis of transgenic plants and wild type plants. (a) 
Measurements of leaf lengths. Leaf length was measured on the third leaf blade 
counting from the bottom of stoloniferous plant. (b) Measurements of leaf widths. 
Leaf width was measured on the widest part of the third leaf blade. (c) Measurements 
of internode lengths. Internode length was measured as the internodes distance of one 
node from the next one. (d) Measurements of stem length. Stem length was measured 
from the top of the soil to the top of the main plant stem. The average measurements 
are presented and the standard deviations (n = 15) are shown as error bar. The ‘*’ 
indicates statistically significant difference compared to the wild type plants with the 
student’s t-test P value < 0.05. RNAi-11 and RNAi-57 are two randomly selected 
mutant plants in which the AsBRI1 gene is down regulated. 
 
Fig. 7. Comparisons of BR sensitivity between the AsBri1 mutant and the wild 
type plants by lamina inclination assay. (a) BR-response of the second lamina joint 
from stem tip to 24-epiBL in a wild-type (upper panel) and a AsBri1 mutant plant 
RNAi-57 (bottom panel) plants. (b) Quantification of leaf bending angles at different 
concentrations of 24-epiBL.  The average measurements (n = 5) are presented and the 
standard deviations are shown as error bars. 
 
Fig. 8. Leaf physiological responses of AsBri1 mutant and the wild type leaves to 
drought stress. (a) Days it takes for the soil water content (SWC) dropping from 
saturated condition (35% SWC) to completely drought condition (0% SWC) for the 
wild type plants and ArBri1 mutant plants. (b) Measurement of grass quality (1-9 
scale, with 1 = completely wilted, brown leaves; 9 = fully turgid, green leaves). (c) 
Measurement of leaf relative water content (RWC %). (d) Measurement of leaf 
photochemical efficiency (Fv/Fm). Values were detected for comparison between 
plants lines at a given soil water content (SWC %). 
 
Fig. S1. EagI and XmaI recognition sites contained at the end of cDNA fragments. 
During the construction of cDNA library enriched for genes expressed in response to 
salt stress, the EagI and XmaI recognition sites that are contained on the adaptor 
sequences, which were introduced to the end of cDNA fragment for subtractive 
hybridization. EagI is compatible with PspOMI and is used for ligation of the cDNA 
population and stem-loop DNA. XmaI is used for IR of target genes recovery. 
 
Fig. S2. Adaptor ligation efficiency analysis. Lane M: 1kb Plus DNA marker. Lane 
1: PCR products using Tester 1-1(Adaptor 1-ligated) as template, and the GAPDH 3’ 
primer and PCR primer 1. Lane 2: PCR products using Tester 1-1(Adaptor 1-ligated) 
as template, and the GAPDH 3' and 5' primers. Lane3: PCR products using Tester 1-
2(Adaptor 2R-ligated) as template, and the GAPDH 3' primer and PCR primer1. Lane 
4: PCR products using Tester 1-2(Adaptor 2R-ligated) as template, and the GAPDH 3' 
and 5' primers. Samples are electrophoresed on a 2% agarose/EtBr gel. 
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Abstract 
The steroidal hormone brassinosteroids (BRs) play important roles in plant 
growth and development. Genetic, genomic and proteomic studies in Arabidopsis 
have identified major BR signaling components and elucidated the signal transduction 
pathway from the cell surface receptor kinase BRI1 to the BES1/BZR1 family of 
transcription factors. BRs interact with other plant hormones in coordinating gene 
expression and plant growth and development. In this review, we provide an update 
on the latest progress in characterizing the BR signaling network and discuss its 
interactions with other hormone pathways in determining yield component traits and 
in regulating stress responses. 
Key words: Brassinosteroid, signaling, homeostasis, phytohormone, yield component 
trait, stress tolerance 
 
Introduction 
Brassinosteroids (BRs) are a class of plant steroidal hormones that are 
involved in the regulation of multiple developmental and physiological processes 
essential for plant vegetative and reproductive growth and development, including 
cell elongation and division, vascular differentiation, senescence, flowering time, 
male fertility, pollen development, seed size, photomorphogenesis, and resistance to 
biotic and abiotic stresses (Clouse et al. 1996; Li and Chory 1999; Ye et al. 2010; 
Clouse 2011). BR-deficient or -insensitive mutants generally display altered 
phenotypes, such as dwarfism, abnormal vascular development, dark-green leaves, 
delayed flowering and senescence, reduced male fertility and seed germination, and 
de-etiolation in the dark (Clouse et al. 1996; Li et al. 1996; Szekeres et al. 1996; 
Noguchi et al. 1999; Steber and McCourt 2001). During the last two decades, BR 
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mutants have been identified in Arabidopsis (Clouse et al. 1996; Li et al. 1996; Li and 
Chory 1999; Clouse 2011) and various crop species, including rice (Oryza sativa) 
(Yamamuro et al. 2000; Hong et al. 2005), tomato (Solanum lycopersicum) (Koka et 
al. 2000; Montoya et al. 2002), barley (Hordeum vulgare) (Chono et al. 2003), pea 
(Pisum sativum) (Nomura et al. 2003), and maize (Zea mays) (Hartwig et al. 2011; 
Makarevitch et al. 2012). In rice, a model monocot and major crop, leaf angles 
increase in response to exogenously applied BRs. In BR-deficient rice, reduced leaf 
angle (i.e., more erect leaves) can greatly increase grain yield by allowing increased 
planting densities, less canopy shading, and higher light capture for improved 
photosynthetic capacity (Sakamoto et al. 2006). On the other hand, overexpression of 
a BR biosynthetic gene in rice led to increased BR levels and promoted grain yield by 
as much as 40 % which was attributed to increased seed size (Wu et al. 2008). Further 
characterization of BR signaling in rice and other crops, particularly cereals, will 
likely uncover novel mechanisms that could be used for crop improvement or provide 
insight into the evolution of BR signaling. 
Extensive genetic and molecular studies have helped elucidate the BR 
signaling pathway and major signaling components in Arabidopsis. In summary, BRs 
directly bind to the receptor-like kinase BRASSINOSTEROID-INSEN-SITIVE 1 
(BRI1) at the cell surface and activate a signal transduction cascade that leads to 
activation of two key transcription factors, BRASSINAZOLE-RESISTANT1 (BZR1) 
and BRI1-EMS-SUPPRESSOR 1 (BES1), also known as BZR2 (Wang et al. 2002). 
These two transcription factors directly regulate BR-responsive gene expression and 
plant growth and development (Fig. 1) (Kim and Wang 2010; Sun et al. 2010; Yu et 
al. 2011). Several important signaling components and the underlying mechanisms of 
BR perception and signal transduction, from receptor kinase activation to 
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transcriptional networks, have been identified by proteomic and genetic approaches in 
Arabidopsis and rice (Clouse 2011; Tong and Chu 2012). In addition, proteomic 
analyses and genome-wide transcriptional analyses, such as chromatin 
immunoprecipitation-microarray (ChIP-chip), have made significant progresses in 
identifying and characterizing a large number of BES1 and BZR1-targeted genes. The 
transcriptional networks, either regulated by BRs alone or through interactions among 
BRs and other phytohormones in coordinating gene expression and plant 
developmental processes, are also well characterized in both Arabidopsis and rice 
(Deng et al. 2007; Tang et al. 2008a; Sun et al. 2010; Wang et al. 2010; Yang et al. 
2011; Yu et al. 2011; Choudhary et al. 2012b; Tong and Chu 2012; Wang et al. 
2012c). Furthermore, the BR biosynthetic pathway is well established, and several 
key BR biosynthetic regulators have been characterized in Arabidopsis and rice 
(Fujioka and Yokota 2003; Zhao and Li 2012). 
Here, we provide an update on the latest progress in characterizing the BR 
signaling network as well as BR interactions with other hormones in coordinating 
gene expression and plant growth and development. In addition, we discuss the 
effects of BRs and interactions of BRs with other hormones in determining yield 
component traits in various crop species. Finally, regulation of stress responses by 
BRs alone or in coordination with other hormones is also reviewed. 
BR signaling pathway 
BR perception and receptor kinases 
In plants, the BR signal is perceived by BRI1, which is a plasma membrane 
localized leucine-rich repeat (LRR) receptor-like kinase. It is composed of a large 
extracellular ligand-binding domain of 25 LRRs, a 70-amino acid island domain 
between LRR21 and LRR22, a single transmembrane domain, and a cytoplasmic 
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domain with kinase activity (Li and Chory 1997; He et al. 2000; Wang et al. 2001; 
Kinoshita et al. 2005). Recent structural studies have confirmed the role of BRI1 as a 
plasma membrane receptor for BRs (Hothorn et al. 2011; She et al. 2011). In the 
absence of BRs, BRI1 is inactive as a homodimer, due to its binding with the negative 
regulator BRI1 KINASE INHIBITOR 1 (BKI1) through its cytoplasmic domain 
(Wang and Chory 2006). In the presence of BRs, BR binding activates BRI1 kinase 
activity, through association with its co-receptor kinase BRI1-ASSOCIATED 
RECEPTOR KINASE 1 (BAK1)/SOMATIC EMBRYOGENESIS RECEPTOR 
KINASE3 (SERK3) (Li et al. 2002; Nam and Li 2002; Russinova et al. 2004) and 
phosphorylation of BKI1 on Tyr211, leading to the disassociation of BKI1 from the 
plasma membrane (Wang and Chory 2006; Jaillais et al. 2011). Phosphorylated BKI1 
can also interact with the phosphopeptide-binding proteins 14-3-3s and relieve its 
inhibition of BES1 and BZR1 (Wang et al. 2011). A recent study showed that Ser270 
and Ser274 in the C-terminal region of BKI1 are required for subsequent 
phosphorylation of Tyr211 and the subsequent dissociation of BKI1 (Wang et al. 
2011). Phosphorylation sites at Ser/ Thr and Tyr of both BRI1 and BAKI have been 
identified through phosphorylation site mapping and functional studies. A sequential 
transphorylation model has been proposed, in which BR binding to BRI1 activates its 
kinase activity through autophosphorylation and then phosphorylates and activates 
BAK1, which in turn phosphorylates BRI1 at the juxtamembrane and C-terminal 
domains to fully activate BRI1 kinase activity (Wang et al. 2005, 2008b; Clouse 
2011). Besides BAK1/SERK3, SERK4 has been designated BAK1-LIKE 1 (BKK1) 
as it functions redundantly with BAK1 (Roux et al. 2011). Recent genetic and 
biochemical evidence also demonstrated that SERK1, SERK2 and SERK4 are all 
possible BAK1-redundant proteins that are required for BR signaling in Arabidopsis 
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(Gou et al. 2012). 
Inhibitors, kinases, and phosphatase 
Activated BRI1 phosphorylates the receptor-like cytoplasmic kinases 
(RLCKs), BR SIGNALING KINASES (BSKs) and CONSTITUTIVE 
DIFFERENTIAL GROWTH 1 (CDG1), which then activate a phosphatase, BRI1-
SUP-PRESSOR 1 (BSU1) (Tang et al. 2008b; Kim et al. 2011). CDG1 was recently 
shown to function much like BSKs (Kim et al. 2011). BRI1 phosphorylates Ser230 of 
BSK1 and Ser234 of CDG1. Phosphorylated BSK1 and CDG1 then activate BSU1 
(Kim et al. 2009, 2011). BSU1 in turn inactivates the negative regulator, a glycogen 
synthase kinase 3 (GSK3)/Shaggy-like kinase named BRASSINOSTEROID- 
INSENSITIVE 2 (BIN2) through dephosphorylation (Choeet al. 2002; Li and Nam 
2002; Kim et al. 2009; Yan et al. 2009). Genetic evidence suggests that BSU1 may 
directly dephosphorylate and inactivate BIN2 at Tyr200, which is the BIN2 
autophosphorylation site necessary for BIN2 function (Kim et al. 2009). 
Signal transduction to BES1 and BZR1 transcription factors 
Inhibition of BIN2 and the action of the protein phosphatase 2A (PP2A) lead 
to the dephosphorylation and activation of two homologous transcription factors, 
BES1 and BZR1 (Wang et al. 2002; Zhao et al. 2002; He et al. 2002, 2005; Yin et al. 
2002, 2005; Ryu et al. 2007; Tang et al. 2011). BES1 and BZR1 share 88 % identity 
in their amino acid sequences. They are predicted to have a basic HELIX–LOOP–
HELIX (bHLH)-like DNA binding motif with functional redundancy but each has 
distinctive functions (He et al. 2005; Yin et al. 2005). PP2A was shown in a recent 
study to directly bind and dephosphorylate BZR1 (Tang et al. 2011). 
Dephosphorylated and activated BES1 and BZR1 subsequently translocate from 
cytoplasm into the nucleus where they regulate BR-responsive gene expression. In the 
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absence of BRs, BIN2 phosphorylates BES1 and BZR1 at their phosphorylation 
domains containing more than 20 putative phosphorylation sites. BIN2 
phosphorylation at different sites inhibits BES1 and BZR1 function through various 
mechanisms, including interference with DNA binding, cytoplasmic retention by 
interaction with 14-3-3s, and proteasome-mediated protein degradation (He et al. 
2002; Bai et al. 2007; Gampala et al. 2007; de Vries 2007; Ryu et al. 2010; Ye et al. 
2011). 
BES1 and BZR1 regulated network 
Genome-wide transcriptional analyses, including micro-array and ChIP-chip, 
have identified large numbers of BES1 and BZR1-targeted genes (Sun et al. 2010; Yu 
et al. 2011). Previous studies showed that BZR1 mainly binds to the BR-response 
element (BRRE) (CGTGT/CG) that is enriched in BR-repressed genes, repressing 
gene expression, and BES1 mainly binds to the E-Box element (CANNTG) that is 
mostly enriched in BR-induced genes, activating target gene expression (He et al. 
2005; Yin et al. 2005). Recently, studies showed that both BES1 and BZR1 can bind 
to the BRRE and the E-box elements, functioning similarly either to activate or 
repress gene expression (Sun et al. 2010; Yu et al. 2011). Further investigations into 
BES1 and BZR1 binding elements and their interactions with other proteins to 
function as activators or repressors are needed. BES1 has been shown to interact with 
other transcription factors to promote gene expression, including the bHLH factor 
BES1-INTERACTING MYC-LIKE 1 (BIM1), two Jumonji domain-containing 
proteins, EARLY FLOWERING 6 (ELF6) and its homolog RELATIVE OF EARLY 
FLOWERING 6 (REF6), the MYB factor MYB30, and components involved in RNA 
polymerase II functioning, such as INTERACTING-WITH-SPT6-1 (IWS1) (Yin et al. 
2005; Yu et al. 2008; Li et al. 2009b, 2010). A recent study showed that 
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MYELOBLASTOSIS FAMILY FACTOR LIKE-2 (MYBL2) cooperates with BES1 
to inhibit BR target-gene expression (Ye et al. 2012). Other recent studies also 
reported interactions between BES1/BZR1 and several other proteins, including 
DELLA proteins involved in negative regulation of gibberellin response and 
PHYTOCHROME-INTERACTING FAC-TOR (PIF), to regulate gene expression 
and plant growth, which will be discussed in the following sections (Bai et al. 2012b; 
Gallego-Bartolome et al. 2012; Oh et al. 2012a). 
BR signaling in rice 
BR biosynthesis and signaling are well understood in Arabidopsis. In rice, 
identification of a series of BR signaling components that are orthologous to those in 
Arabidopsis suggests that the BR signaling pathway is largely conserved among 
plants. OsBRI1 and OsBAK1, orthologous to the Arabidopsis BRI1 and BAK1, 
respectively, have been shown to be receptor kinases perceiving BR signals 
(Yamamuro et al. 2000; Li et al. 2009a). OsGSK1 in rice is an ortholog of BIN2 and 
functions as a negative regulator in BR signaling (Koh et al. 2007). OsBZR1, the 
closest ortholog of both BES1 and BZR1, functions as a positive regulator of BR 
response that interacts with 14-3-3s and translocates from the cytoplasm to the 
nucleus in response to BRs (Bai et al. 2007; Yu et al. 2011). The rice DWARF AND 
LOW-TILLERING (DLT), which belongs to the GRAS family of transcription 
factors, has also been proved to be a positive regulator involved in BR signaling. The 
dlt mutant displayed a typical BR loss-of-function dwarf phenotype, and 
overexpression of DLT conferred an enhanced BR-response phenotype with 
hypersensitivity to exogenous BRs in lamina-inclination experiments (Tong and Chu 
2009, 2012). GSK2, a GSK3-like kinase in rice, has been shown to be an ortholog of 
BIN2 and functions as the rice counterpart of BIN2 in Arabidopsis. GSK2 
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phosphorylates DLT both in vitro and in vivo (Tong et al. 2012). These findings 
further confirm the conservation of BR signaling between Arabidopsis and rice, in 
which DLT or BES1 and BZR1 act as direct targets of the GSK3-like kinase 
(BIN2/GSK2) to mediate many of the BR responses. 
BR homeostasis and signaling attenuation 
As with other plant hormones, including abscisic acid (ABA), auxins, 
cytokinins, ethylene, and gibberellins (GA), in vivo regulation of BR homeostasis is 
critical to ensure normal plant growth and development under various environmental 
conditions. As shown from a study in pea, BRs were unable to be transported over 
long distances (Symons and Reid 2004). This suggests that plants need to precisely 
regulate BR biosynthesis and inactivation to maintain an appropriate internal active 
BR levels in various organs and tissues or at different developmental stages (Zhao and 
Li 2012). 
The BR biosynthetic pathway has been well characterized in both Arabidopsis 
and rice. In Arabidopsis, a series of key BR biosynthetic genes has been identified, 
including DEETIO-LATED2 (DET2), CONSTITUTIVE PHOTO- MORPHOGENIC 
DWARF (CPD), ROTUNDIFOLIA3 (ROT3), DWARF4 (DWF4), and BR-6-
OXIDASE1 (BR6ox1) (Li et al. 1996; Szekeres et al. 1996; Choe et al. 1998; Shimada 
et al. 2001; Kim et al. 2005). Levels of endogenous BRs regulate the expression of 
these genes to maintain optimal concentrations through a feedback loop (Mathur et al. 
1998; Mussig et al. 2002). Several biosynthetic genes in rice, such as D2, D11, and 
BRD1, have been identified (Hong et al. 2002; Hong et al. 2003; Tanabe et al. 2005). 
RAV-LIKE 1 (RAVL1), a transcription factor containing a B3 DNA binding domain 
that positively regulates the expression of OsBRI1, activates the expression of these 
biosynthetic genes (D2, D11, and BRD1) via binding to the E-box motif within their 
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promoter regions (Je et al. 2010). BR biosynthetic mutants have also been reported 
recently in maize (Hartwig et al. 2011; Makarevitch et al. 2012). 
The inactivation of BRs is mainly achieved through hydroxylation, 
glycosylation, and sulfonation (Hategan et al. 2011). The cytochrome P450 protein 
encoded by PHYB ACTIVATION TAGGED SUPPRESSOR1 (BAS1) has been shown 
to inactivate BRs (Neff et al. 1999; Turk et al. 2005). DWF4 and CPD are involved in 
rate-limiting processes of steroid C-22a and C-23a hydroxylation to control 
endogenous BR homeostasis (Kim et al. 2006). Recent studies in Arabidopsis 
provided novel insights into the involvement of the BAHD acyltransferase family 
(benzyl-alcohol O-acetyltransferase, anthocyanin O-hydro- xycinnamoyltransferase, 
anthranilate N-hydroxycinnamoyl/ benzoyltransferase, and deacetylvindoline 4-O-
acetyltrans- ferase) (D’Auria 2006) in the regulation of endogenous BR homeostasis 
(Roh et al. 2012; Wang et al. 2012a). Two BAHD family acyltransferase-like genes, 
BIA1 (Roh et al. 2012) and ABS1 (Wang et al. 2012a), have also been shown to be 
involved in the inactivation of BRs, possibly through acylation. 
In addition to negative regulations discussed before, several recent studies 
expanded our understanding of how BRI1-mediated regulation is involved in the 
attenuation of BR signaling. For instance, Wu et al. (2011) showed that methylation 
of PP2A can dephosphorylate BRI1, which results in BRI1 degradation and 
subsequent termination of BR signaling. Irani et al. (2012) developed a fluorescently 
labeled BR that enabled visualization of receptor-ligand complexes between BRI1 
and BRs for the first time in plants. They demonstrated that endocytosis is a major 
factor that leads to BR signal attenuation and receptor degradation. 
Autophosphorylation of BRI1 at Ser891 in the kinase domain is also known to be one 
of the critical deactivation mechanisms that inhibit BRI1 activity and BR signaling 
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(Oh et al. 2012c). Finally, Arabidopsis calmodulin was found to bind to BRI1 in a 
Ca2+-dependent manner and may attenuate the kinase activity of BRI1 (Oh et al. 
2012b). 
Interaction of BRs and other phytohormones 
BRs interact with many other plant hormones, such as ABA, GA, auxin, 
cytokinin, jasmonic acid (JA), salicylic acid (SA), and ethylene, to regulate numerous 
plant biological processes in a coordinated manner. Interactions of BRs and each of 
the other classes of phytohormones were the subject of a recent detailed review by 
Choudhary et al. (2012b). Thus, in our review, we intend only to emphasize the most 
recent progresses. 
Auxin 
BRs and auxins function synergistically to improve plant growth responses 
and transcriptional regulation (Nemhauser et al. 2004; Vert et al. 2008). Physiological 
studies showed that BRs can enhance auxin-induced growth responses, including root 
development, hypocotyl elongation, laminar inclination, and shoot gravitropism 
(Yokota et al. 1992; Bao et al. 2004; Li et al. 2005; Nakamura et al. 2006; 
Vandenbussche et al. 2012). Comprehensive, genome-wide microarray analyses in 
Arabidopsis have identified a large number of common genes that are induced by both 
BRs and auxins (Goda et al. 2004; Nemhauser et al. 2004). Identification of BES1 and 
BZR1 target genes also showed that many auxin-responsive genes are regulated by 
these BR-regulated transcription factors (Sun et al. 2010; Yu et al. 2011). 
Auxins regulate target gene expression through two types of transcription 
regulators, AUXIN RESPONSE FACTOR (ARF) and AUXIN/INDOLE-3-ACETIC 
ACID (Aux/IAA). Auxin-induced degradation of Aux/IAAs releases ARFs, which 
activate target gene expression (Tiwari et al. 2001; Hagen and Guilfoyle 2002). BR-
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auxin crosstalk has been demonstrated in a study in which BRs continuously induced 
the expression of two ARF/Aux family members, IAA19 and IAA5 (Nakamura et al. 
2003). Expression of a BR biosynthetic gene, CPD, is activated by an auxin-inducible 
transcription factor BREVIS RADIX (BRX) (Mouchel et al. 2006). And expression of 
another BR biosynthetic gene, DWARF4, is upregulated by auxin (Chung et al. 2011; 
Yoshimitsu et al. 2011). Direct molecular connections between BRs and auxin 
signaling were revealed via the direct interaction of BIN2 and ARF2. Phosphorylated 
BIN2 directly inactivates ARF2, which is a negative regulator of cell elongation (Vert 
et al. 2008). Another molecular link connecting BRs and auxins is that BZR1 directly 
binds to the promoter region of both IAA19 and ARF7. BZR1 represses IAA19 
expression and induces ARF7 expression, leading to ARF7 accumulation and 
downstream gene expression, which regulates Arabidopsis seedling morphogenesis in 
the dark (Zhou et al. 2012). 
Additional evidence of BR-auxin interactions is through the receptor BRI1. 
Sakamoto et al. (2013) found that auxin stimulates BR perception by increasing the 
amount of rice BR receptor OsBRI1. Exogenous application of IAA (a bioactive 
auxin) induced a transient upregulation of Os-BRI1 expression. They determined 
(Sakamoto et al. 2013) that the promoter of OsBRI1 contains an auxin response 
element (AuxRE) motif essential for ARF binding and, thus, for the increased 
expression of OsBRI1 by IAA. The expression of a primary BR-responsive gene, BR 
UNREGULATED 1 (BU1), was also increased by IAA treatment, indicating that 
auxin-induced OsBRI1 expression affects BR signaling by upregulating downstream 
BR- responsive gene expression (Sakamoto et al. 2013). 
In addition, the actin cytoskeleton was recently reported to play an essential 
role in integrating BR signaling and BR-mediated auxin response. Arabidopsis 
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ACTIN2 mutant act2-5 produces an altered actin cytoskeleton phenotype with 
constitutive BR-mediated auxin responses. The upregulation of BR-responsive genes 
in the mutant corresponds to the accumulation of the dephosphorylated form of BZR1 
(Lanza et al. 2012). 
GA 
Both BRs and GA are involved in regulation of plant photomorphgenesis and 
other developmental processes, including cell elongation, flowering, and seed 
germination. Recent studies established a direct connection between BRs and GA 
through a DELLA-BZR-PIF module, which regulates a broad spectrum of light-
response components. DELLA, a family of five proteins in Arabidopsis that 
negatively controls plant growth, is a target of gibberellin receptor GIBBERELLIN 
INSENSITIVE DWARF1 (GID1) for degradation by proteasomes. Two recent 
studies (Bai et al. 2012b; Gallego-Bartolome et al. 2012) independently verified that a 
physical interaction occurred both in vitro and in vivo between DELLA proteins and 
the BZR1 transcription factor. They demonstrated that a DELLA protein 
GIBBERELLIC ACID-INSENSITIVE (GAI), which is a major negative regulator of 
the GA-signaling pathway, physically binds to BZR1 to prevent it from binding to 
target promoters, and the degradation of DELLA releases BZR1 to promote hypocotyl 
elongation. The dark- and heat-activated transcription factor PHYTO-CHROME-
INTERACTING FACTOR 4 (PIF4) has also been found to physically interact with 
BZR1 both in vitro and in vivo (Oh et al. 2012a). BZR1 and PIF4 can form a 
heterodimer that synergistically regulates the expression of thousands of common 
target genes, including HLH proteins of the PRE family that are positive regulators of 
cell elongation (Lee et al. 2006; Wang et al. 2009; Zhang et al. 2009; Bai et al. 2012a). 
A model for BR and GA interaction in the regulation of light response has 
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thus been established, based on the evidence presented above (Bai et al. 2012b; 
Gallego-Bartolome et al. 2012; Oh et al. 2012a). GA-mediated DELLA degradation 
inactivates both BZR1 and PIF4, preventing them from binding to their target genes. 
A genome-wide gene expression analysis by RNA-sequencing (RNA-Seq) 
demonstrated that BZR1 and PIF4 can both independently and interdependently 
regulate GA-responsive gene expression. These findings together established the 
important role of the highly integrated module of DELLA-BZR1-PIFs in connecting 
the BR-GA interaction, and also in mediating plant growth and response to 
environmental signals (Bai et al. 2012b; Gallego-Bartolome et al. 2012; Oh et al. 
2012a). 
Other phytohormones 
Interactions between BRs and other phytohormones, such as ABA, JA, 
cytokinins, and ethylene, have been described extensively in a recent review 
(Choudhary et al. 2012b). The latest research findings (not included in Choudhary et 
al. 2012b) have expanded our understanding of BRs in modulating plant growth by 
crosstalking with other phytohormones. 
The crosstalk between BR and SA has been shown to be mainly involved in 
regulation of plant response to environmental stresses. Specifically, BR-induced 
Arabidopsis tolerance to salt and high temperature is mediated by a major SA 
regulatory protein NONEXPRESSOR OF PATHOGENESIS-RELATED GENES1 
(NPR1) (Divi et al. 2010). Recent studies showed that application of BRs and SA 
together can enhance plant salt tolerance in Brassica (Hayat et al. 2012). 
An antagonistic relationship between BRs and JA in controlling plant growth 
was reported by Ren et al. (2009), where BRs negatively regulated JA-induced 
inhibition of root growth in Arabidopsis. Recently, BRs were shown to antagonize the 
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JA-signaling pathway in a reciprocal manner in rice to suppress plant defense against 
root-knot nematodes (Nahar et al. 2013). Application of exogenous BRs suppressed 
the expression of two important genes in the rice JA-signaling pathway, ALLENE 
OXIDE SYNTHASE (OsAOS2) and JA-INDUCIBLE RICE MYB (OsJ-AMYB). In 
contrast, exogenous JA application suppressed BR-related gene expression. Notably, 
this mutual antagonism is accompanied by an enhanced susceptibility to root-knot 
nematode infection (Nahar et al. 2013). These findings also demonstrated the negative 
role of the BR-signaling pathway in innate immunity in rice. 
The involvement of BRs in the regulation of cytokinin levels in wheat 
seedlings was reported recently (Yuldashev et al. 2012). Furthermore, BRs interact 
with ethylene and auxin to control shoot gravitropism in Arabidopsis (Van 
denbussche et al. 2012). Interaction between BRs and ethylene in the regulation of 
ethylene-induced hyponastic growth was also observed in Arabidopsis (Polko et al. 
2013). Finally, Trupkin et al. (2012) identified the cyclophilin gene ROTAMASE 
CYCLOPHILIN 1 (ROC1) as a mediator of the crosstalk between 
phytochrome/cryptochrome signaling and BR response. Expression of ROC1 was 
increased by activation of phytochrome/cryptochrome, which reduces BES1 activity 
and BES1 targeted gene expression, and therefore, reduces the sensitivity to BRs and 
seedling de-etiolation. On a related note, BR interactions with light signaling have 
been recently reviewed (Wang et al. 2012c) and will not be described herein. 
BR signaling and yield 
Increasing crop yield is the most important breeding goal all over the world, 
especially for major cereal crops such as rice, wheat, and maize. Crop yield is a 
complex polygenic trait involving various biological processes that interact with 
environmental signals. BRs are thought to be a class of hormone with great potential 
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to boost crop yield (Vriet et al. 2012). Although synthetic BR analogs have been 
applied to different species in attempts to boost yield, the underlying molecular 
mechanisms behind observed changes are largely unknown. To understand BRs’ 
effect on yield, one can dissect yield into many component traits. In rice, for example, 
yield components are divided into plant density, panicle number per plant, grain 
number per panicle, and average grain weight (Vriet et al. 2012). All these component 
traits are closely related to BR-regulated phenotypes, such as dwarfism and leaf angle 
(which affect plant density), tiller number (which affects panicle number), and 
response to environmental cues (which can strongly affect grain number and quality). 
Following are the latest advances in our understanding of BR signaling- mediated 
contributions to increasing yield. 
Leaf bending 
Leaf bending in response to BRs has been used to increase crop yield, mainly 
through the modification of plant architecture (Sakamoto 2006; Sakamoto et al. 2006). 
For instance, BR-deficient rice plants display erect leaf angles, which allow increased 
plant density, resulting in higher yield (Wang et al. 2008a). A recent study has 
identified LEAF AND TILLER ANGLE INCREASED CONTROLLER (LIC) as a 
negative regulator that functions as an antagonistic transcription factor of OsBZR1 to 
repress the BR-signaling pathway in rice (Zhang et al. 2012). LIC gain-of-function 
mutants displayed erect leaves and reduced BR sensitivity. OsBZR1 shares similar 
functions with its closest ortholog of Arabidopsis BES1 and BZR1 (Bai et al. 2007). 
Like BZR1, LIC is phosphorylated by GSK1/BIN2. In rice, two antagonizing 
HLH/bHLH factors, INCREASED LEAF INCLINATION 1 (ILI1) and ILI1 
BINDING bHLH (IBH1), have been shown to function downstream of OsBZR1 to 
regulate cell elongation and leaf bending. BZR1 mainly binds to IBH1 to affect the 
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balance of these two factors (Zhang et al. 2009). LIC strongly binds to BZR1 and ILI1 
but weakly to IBH1 and antagonizes BZR1 in controlling BR-mediated leaf bending 
in rice (Zhang et al. 2012). 
Organ boundary formation 
BRs regulating specific developmental processes, such as shoot regeneration 
and root meristem, have been reported in Arabidopsis (Cheon et al. 2010; Gonzalez-
Garcia et al. 2011; Hacham et al. 2011). A recent study by Gendron et al. (2012) 
reported a novel role for BR signaling in plant architecture by spatial regulation 
during the formation of organ boundaries in Arabidopsis. In organ boundary cells, 
BR-activated BZR1 inhibits the expression of CUPSHAPED COTYLEDON (CUC), 
which is required for organ boundary formation, and results in organ-fusion 
phenotypes. In wild-type Arabidopsis plants, BZR1 accumulated at a relative low 
level in organ boundary cells to allow normal organ development. In addition, the 
Arabidopsis boundary cell-specific transcription factor LATERAL ORGAN 
BOUNDARIES (LOB) negatively regulates accumulation of BRs in organ boundaries 
through transcriptional activation of BAS1 (Bell et al. 2012). 
Stomatal development 
Stomatal development and regulation are closely associated with gas exchange 
in plant cells, which affects photosynthetic and water-use efficiencies. BRs’ 
regulation of stomatal development was discovered recently. Kim et al. (2012) 
reported that BRs negatively regulate stomatal development by suppressing BIN2-
mediated regulation of YDA, a MAPK-kinase kinase (MAPKKK) involved in the 
specific MAP-kinase pathway that regulates stomatal development (Wang et al. 2007; 
Lampard et al. 2008). The YDA-initiated MAPK pathway negatively regulates 
stomatal development by phosphorylating and degrading the bHLH transcription 
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factor SPEECHLESS (SPCH), which acts downstream of the ERECTA family and 
regulates stomatal lineage development (MacAlister et al. 2007). The ERECTA 
family in Arabidopsis is composed of three receptor-like kinases that control organ 
growth and floral development by promoting cell proliferation (van Zanten et al. 
2009). BIN2 phosphorylates and inactivates YDA both in vitro and in vivo. Increased 
levels of BRs induce BR signaling through inactivation of BIN2 and therefore 
activate the MAPK pathway, reducing stomatal production. Interestingly, a 
conflicting study in Arabidopsis provided evidence that BRs promote stomatal 
development downstream of YDA in the ERECTA receptor kinase pathway through 
inhibition of BIN2-mediated phosphorylation and degradation of SPCH (Gudesblat et 
al. 2012b). Conflicts between these two studies regarding MAPK- and GSK3-
mediated signaling pathways reflect complex regulations of plant development under 
different environmental or growth conditions by BRs (Gudesblat et al. 2012a). 
Cell elongation and proliferation 
BRs’ role in regulating leaf cell elongation and proliferation has been well 
established in Arabidopsis (Gonzalez-Garcia et al. 2011; Hacham et al. 2011; van 
Esse et al. 2012; Zhiponova et al. 2013). A recent study showed that SHORT 
GRAIN1 (SG1) in rice affects both elongation of grains and of internodes in rachis 
branches (Nakagawa et al. 2012). Overexpression of SG1 produced BR-deficient 
mutants, but with no reduction in cell size, suggesting that SG1 might control organ 
elongation by decreasing cell proliferation via a mechanism that occurs downstream 
of the BR response. Wang et al. (2012b) provided evidence for the involvement of a 
microtubule regulatory protein, MICROTUBULE DESTABILIZING PROTEIN40 
(MDP40), in BR-mediated hypocotyl cell elongation. BR-activated BZR1 directly 
targets and promotes the expression of the MDP40 gene, whose gene product acts on 
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destabilization of cortical microtubules and promotes hypocotyl cell elongation. In 
addition, BRs have been found to control ovule and seed number through the 
regulation of ovule-development-related genes by BZR1 in Arabidopsis. BR-deficient 
or -insensitive mutants showed lower seed number, smaller seed size, and abnormal 
seed morphogenesis, while BR-enhanced mutants produced more ovules and seeds 
(Huang et al. 2012). 
BR signaling and stress tolerance 
Exogenous application of BRs alone or coupled with other hormones has been 
widely used in attempts to improve crop yield and stress tolerance in various plant 
species (Divi and Krishna 2009; Peleg and Blumwald 2011). For instance, improved 
plant tolerance to biotic and abiotic stresses, including bacteria, viruses, low 
temperatures, drought, salt, Cu and peroxide, by the application of BRs has been 
reported in rice, tobacco (Nicotiana tabacum), cucumber (Cucumis sativus), Brassica 
juncea, and radish (Raphanus sativus) (Krishna 2003; Nakashita et al. 2003; Hu et al. 
2005; Kagale et al. 2007; Divi and Krishna 2009; Xia et al. 2009; Hayat et al. 2012). 
Recently, Villiers et al. (2012) discovered connections for the first time between BR 
signaling and plant response to the heavy metal, cadmium (Cd), in Arabidopsis. 
Contrary to the well-established roles of BRs in improving plant tolerance, BR 
treatment in Arabidopsis reduces cadmium tolerance. This also contradicts the 
protective role of BRs against heavy metal toxicity in other species, including 
Brassica juncea, radish, tomato, and wheat (Hayat et al. 2007, 2010; Hasan et al. 
2011; Yusuf et al. 2011; Choudhary et al. 2012a). 
The molecular mechanisms of BR-induced plant stress tolerance remain 
poorly understood. Cui et al. (2012) reported that an endoplasmic reticulum (ER) 
localized Arabidopsis ubiquitin-conjugating enzyme UBC32 is an essential factor 
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involved in both BR-mediated growth promotion and salt stress tolerance. In vivo 
data in Arabidopsis showed that UBC32 is a functional component of the ER-
associated protein degradation (ERAD) pathway, which is an important ubiquitin-
proteasome system regulating plant growth and development, known to contribute to 
plant salt tolerance (Liu et al. 2011). UBC32 affects the accumulation of BRI1 and 
connects the ERAD pathway to BR-mediated growth promotion and salt stress 
tolerance. A recent study in tomato revealed one possible mechanism of BR-induced 
abiotic stress tolerance, especially for oxidative and heat stress (Nie et al. 2012). BRs 
trigger apoplastic H2O2 accumulation generated by NADPH oxidase, which is 
encoded by the RESPIRATORY BURST OXIDASE HOMOLOG 1(RBOH1) gene. The 
RBOHs are involved in plant reactive oxygen species (ROS) production and plant 
response to various abiotic stresses (Marino et al. 2012). NADPH oxidase in turn 
activates MAPKs, which play critical roles in plant signal transduction during stress 
responses (Mittler et al. 2004; Pitzschke et al. 2009), giving rise to increased stress 
tolerance. 
BRs have been shown to affect plant immunity response. Microbial-associated 
molecular patterns (MAMP) are molecules that elicit defense responses, known either 
as microbe- or pathogen-induced immunity (MTI or PTI). Flagellin 22 (flg 22), a 
MAMP, binds to the Arabidopsis LRR-RLKs FLAGELLIN-SENSING 2 (FLS2) to 
activate the innate immune response (Chinchilla et al. 2007; Heese et al. 2007; 
Schwessinger et al. 2011). BAK1, in addition to being a coreceptor for BRI1, is also a 
coreceptor for FLS2. In a pair of recently published reports (Albrecht et al. 2012; 
Belkhadir et al. 2012), different conclusions were drawn on the relationship between 
BR signaling and immunity response. Albrecht et al. (2012) showed a unidirectional 
inhibition of both the BAK1-dependent, FLS2-mediated immune response as well as 
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a BAK1-independent immune response by BR perception through a yet unknown 
mechanism, suggesting that BAK1 is not rate-limiting in these pathways. In contrast, 
Belkhadir et al. (2012) showed that overexpression of BRI1 in Arabidopsis reduced 
BAK1-dependent, but not BAK1-independent immune responses, suggesting that 
BRI1 competes for BAK1 with other MAMP receptors. Their study, however, also 
showed a synergistic interaction between BR signaling and immune response that 
requires BAK1, suggesting a complex interplay between BR signaling and immunity 
responses involving BAK1. 
In rice, De Vleesschauwer et al. (2012) reported that BRs also suppress rice 
root immunity to Pythium graminicola, a soil-born oomycete that has been identified 
as one of the factors causing rice yield decline in aerobic fields. The authors 
demonstrated that P. graminicola exploits endogenous BRs as virulence factors and 
disturbs host BR cellular homeostasis to cause disease. And this BR-induced 
susceptibility is driven, at least in part, by interfering with the effective SA- or GA-
mediated resistance to P. graminicola. 
Future perspectives 
Considering the importance of BRs in both model plants and crop species, 
further investigations of key regulators in its signaling pathway and the mechanisms 
underlying the whole regulatory system are needed. The complete elucidation of BR 
signaling and biosynthetic pathways in rice and other major crop species will 
contribute to a better understanding of the effects of BRs on important agronomic 
traits and their potential use in genetic engineering for crop improvement. More 
components that regulate BR biosynthesis and inactivation and contribute to BR 
homeostasis are likely to be identified. Considering the complex regulation of various 
BR signaling components, additional components and/or mechanisms are likely to be 
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discovered, which may refine or modify current models of BR signaling. Genome-
wide technologies should enable the dissection of the complex regulatory network of 
BRs and their interactions with other phytohormone and signaling pathways. The 
involvement of thousands of BR target genes in BR responses requires large scale 
genomic studies and use of computational modeling to illustrate the complex BR-
regulatory network. The BR regulatory network and its underlying molecular 
mechanisms can help us design optimal strategies to increase crop yield and enhance 
performance under stress conditions. 
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Figure Legends 
Fig. 1. Brassinosteroid signaling pathway in the absence (left half) or presence 
(right half) of BRs in Arabidopsis. In the absence of BRs, BRI1 is inactive due to its 
binding with the negative regulator BKI1. BIN2 phosphorylates and inactivates BES1 
and BZR1, leading to export of BES1 and BZR1 from the nucleus, cytoplasmic 
retention by interaction with 14–3–3s, and proteasome-mediated protein degradation. 
In the presence of BRs, BRs binding to BRI1 activates BRI1 kinase activity, including 
the association with its co-receptor kinase BAK1 and also disassociation of BKI1. 
Activated BRI1 phosphorylates BSK1/CDG1, which then activates the phosphatase 
BSU1. Activated BSU1 in turn dephosphorylates and inactivates BIN2. Inhibition of 
BIN2 and the action of PP2A dephosphorylate and activate BES1 and BZR1. 
Activated BES1 and BZR1 subsequently translocate from cytoplasm into the nucleus 
where they regulate BR-responsive gene expression. Circles with P represent 
phosphate residues. 
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CHAPTER 5 GENERAL CONCLUSION 
 In this study, we identified eight putative BdCBF genes that are present in a 
tandem array on chromosome 4 and are responsive to cold stress in Brachypodium 
distachyon. RNAi transgenic lines of cbf1 and cbf3 were generated using the pANDA 
vector and homozygous transgenic lines were obtained after three generations of 
selfing. The RNAi mutant plants were defective in cold acclimation and therefore 
dramatically reduced freezing tolerance when compared with that in the wild type 
plants. These results suggest the essential roles that BdCBF genes play in regulating 
cold acclimation. Genome-wide transcript profiling using RNA-seq study was also 
conducted in the wild type and cbf3 mutant plants under both normal and cold 
conditions (4°C). Four pairwise comparisons including cbf3 vs. WT, WT vs. WT 
(4°C), cbf3 vs. cbf3 (4°C), and cbf3 (4°C) vs. WT (4°C) were performed and a large 
number of differentially expressed genes were found. In each comparison, pathway 
enrichment tests were conducted among differentially expressed genes and enriched 
biological pathways were described and discussed. By combining the transcriptomic 
profiling of two differentially expressed gene sets, which are the cbf3 vs. cbf3 (4°C) 
comparison and the WT vs. WT (4°C) comparison, three gene expression categories, 
BdCBF3-dependent, -independent or -compensatory were proposed. Our results 
provide insights into mechanisms of plant response to cold in B. distachyon and 
suggestions for future research.  
 To establish a method that can more efficiently introduce RNAi silencing in 
order to generate loss-of-function mutants and investigate function of genes involved 
in salinity or other stresses, we used the Phi29-amplified RNAi construct (PARC) 
method to construct a high throughput RNAi library. The RNAi library was generated 
from a traditional creeping bentgrass cDNA library with mRNA harvested from leaf 
  
152 
tissues of plants under salt stress. In this PARC system, the simple ligation step of the 
cDNA population and the stem loop DNA could greatly improve the library 
construction efficiency compared with other methods. And this approach is 
particularly suitable for polyploid plant species in which multiple alleles of a gene 
exist and in which genome sequence information is not available. And the long stem 
loop spacer in the PARC system is able to accommodate long DNA insert sequences, 
which is important for inducing effective silencing in plants. This system would 
facilitate the investigation of functions a large number of known or unknown genes 
involved in any stress response pathway by generating hpRNA constructs. 
 Using the PARC method generated RNAi construct targeting the single gene 
AsBri1, we generated Bri1 loss-of-function mutants in creeping bentgrass. The 
disruption of BR perception resulted in extreme dwarf phenotypes with inhibited 
internode elongation in the mutant plants. And the lamina inclination assay 
demonstrated reduced BR sensitivity in the mutants compared with that in the wild 
type. In addition, we have found that defect in AsBri1 confers enhanced drought 
tolerance in the mutant creeping bentgrass plants, which would provide insights into 
genetic manipulation of BR-signaling in developing new bentgrass varieties with 
reduced growth along with increased drought tolerance.  
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